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Abstract

Abstract

This research sees the invention, further development and characterisation of a
strong, porous, sintered-ceramic solid in which porosity is both articulated and variable
by composition and sintering. This is achieved by the addition of ceramic powders to
cenospheres, a system of hollow alumino-silicate single spheres and elliptical
aggregations of smaller spheres. When intimately mixed with water a joining neck
structure is formed at multiple cenosphere contact points, thereby creating a void fraction
that is articulated or continuously connected one to another in three dimensions. The void
fraction remains intact and patent when sintered across the range 1100°C to1500°C. The
final sintered form of the material is that of a solid in the form of an alumino-silicate
scaffold, the geometry of which is defined by its sintered, solid fraction and a coexistent
articulated-void fraction. The primary sintered-cenosphere structure’s void fraction is
infiltrated under vacuum with polymerics and additional compounds including polymers
and minerals. Samples are examined using scanning electron microscopy and X-ray
tomography of the sintered solid and its articulated void fraction. Sintered infiltrated
samples are prepared and measured in the determination of signal-attenuation properties

at the Tsukuba Photon Factory Beamline Facility, Tsukuba, Japan.
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Chapter 1 Introduction

Chapter 1

Introduction

Aim of the study

The ultimate aim of the study was to develop a structure that used only widely
available, conventional ceramic materials in its formation and that could be combined
and sintered using existing technology.

The sintered ceramic structure should display the following properties:
(a) It should include a void fraction that is articulated in three dimensions

(b) the topology of the structure should remain unchanged up to the melting
points of individual and compounded ceramic components

(c) the structure’s void fraction should be able to be infiltrated by materials
of specific properties
1.02 Scope of the study

(a) The development of the sintered ceramic structure of compositions shown
in Table 1.0

(b) Morphological studies that include optical microscopy, SEM and X-ray
tomography

(c) Characterisation of the sintered structure’s physical and mechanical
properties.

Table 1.0: Summary of materials groups and the temperatures, °C, to
which each was sintered

Materials Group and Sintering temperature, C
Additions
Group | Additions 1100 1200 1300 1400 1500
A *Base . . . . .
B *Base . . ° 0 .
+ silica fume
+tin oxide
(E! *Base ° 0 . . .
+ silica fume
+ tin oxide
+ cobalt
carbonate

*Where the Base includes the same ratios of cenospheres, kaolin, frit, and water.
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This thesis presents data, images-in-support and conclusions based upon research that
saw the development of a ceramic structure which, by the nature of its constituent
materials when sintered between 1100-1500°C, forms two coexisting scaffold
structures,
(a) the primary structure, an alumino-silicate scaffold that itself creates and
exists simultaneously with the second structure,

(b) a void-fraction articulated in three dimensions.

The primary raw materials used in the sintered structure are cenospheres, a hollow,

spherical and elliptical alumino-silicate fraction of fly ash.

Sintered structures that are the subject of this thesis are in current experimental
evaluation as high-temperature insulation in solar-generation applications where
temperatures >1500°C are encountered and where simultaneous protection of static
metal componentry and removal by absorption and diffusion of sustained high levels
of absorbed energy are required. These insulation units have now been in use for two

years.

This porous solid also presents properties and applications appropriate to the
aerospace industry, offering potential for absorption of blast and impact energy and
particularly in the creation of a series of structures, which when infiltrated with a

polymer-particulate composite produces wavelength-specific signal attenuation.

The properties of the sintered structure are summarised as indicating potential in the

following applications:
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e Signal attenuation
e Absorption and diffusion-dispersal of heat
e Static high-temperature insulation

e Acoustic insulation

While cenospheres are in widespread use within the building and construction
industries as additives to plaster sheeting, and as an important component of concrete
used in general construction, there are no reports or papers to indicate concurrent
research and development by others in the sintering of cenospheres in the production
of a strong, sintered, porous-ceramic structure in which its void fraction is

continuously articulated in three dimensions.

This work documents the development of a strong ceramic in which porosity is not
eliminated, one in which it is predictably variable by composition and sintering, using
combinations of materials that are cheap, readily available and in widespread use by
industry. It sees the use of these materials in novel combinations and ratios, with

sintering to five maximum temperatures between 1100°C-1500°C.

“Ceramic” is defined by Kingery, Bowen and Uhlmann [1] as, *“...the art and science
of making and using solid articles which have as their essential component, and are
composed in large part of, inorganic non-metal materials. This definition includes not
only materials such as pottery, porcelain, refractories, structural clay products,
abrasives, porcelain enamels, cements and glass, but also non-metal magnetic

materials, ferroelectrics, manufactured single crystals, glass ceramics and a variety
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of other products which were not in existence until a few years ago and many which

do not exist today.”’

113

Barsoum [2] defines ceramics as, “...solid compounds that are formed by the
application of heat, and sometimes heat and pressure, comprising at least two
elements provided one of them is a non-metal or a non-metal elemental solid. The

other element(s) may be metal(s) or another non-metallic elemental solid(s)...In other

words, what is neither a metal, a semi conductor or a polymer is a ceramic.”

The Shorter Oxford Dictionary [3] sees “ceramics” in a form more accessible to the

lay reader as being “...of or pertaining to pottery, esp. as an art.”

As applied to a ceramic material, the word “strong” can only be understood in terms
of its measured strength, that is, the stress required to separate it into two parts, where
it is a given that a defect or flaw in the form of voids is deleterious to that material’s
strength. This understanding is predicated upon another given, that it is the intention
of the fabricator to devise a ceramic structure that achieves a density and strength that
is as close as achievable to theoretical possibility, with minimal or zero residual voids
within its structure. But here it is the intention of this study to achieve high levels of
strength in a sintered ceramic structure while simultancously preserving its pore
fraction across a wide firing-temperature range, a proposition diametrically opposed

to the traditional theory and processes explicit in the sintering of ceramic materials.

“Porosity” is a concept that includes void structures and dimensions that range from

vacancies between atoms, to the void microstructures of grain boundaries, to those
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void macrostructures that are residual to the completion of a particular sintering cycle.
While the literature explains the theory underlying the reduction or elimination of
voids from a ceramic as it might be applied to conventional sintered ceramics, in this
study this can only be applicable to that fraction of the total structure that is necessary
for the fusion of the primary macro-particle ceramic material in the formation of a
solid. In this work the general concept of “porosity™ is effectively divided into two
mutually exclusive categories:
(a) the first, in which there is one class of voids that is the result of
the choice of a specific material in the formation of a primary
structure and in which, by the geometry of its constituent
particles, sees the creation of a complex macro-void fraction that
is articulated in three dimensions within that primary structure.
(b) the second, in which a secondary micro-void structure is formed
within the primary ceramic structure. It is the consequence of the
combination of ceramic materials that are finer than the primary
material, and the particles of which are irregular in their
geometry, dissimilar in size and distribution and many orders of
magnitude smaller than the equivalent spherical diameters of
individual primary-material particles. This class of voids is only

found in the neck structure that fuses the macro particles into a

porous solid.

This second category of voids, (b) above, is contained within the much larger
primary ceramic fraction and has been designed to behave conventionally on

sintering. It will parallel conventional sintered-ceramic behaviour; its constituent
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materials will progressively form micro-eutectics that in their formation will
themselves facilitate the removal of micro voids and the achievement of a strong
non-porous ceramic fraction. It is the sole function of this secondary ceramic fraction
to bond together the larger particles of the primary-structure scaffold at their contact

points.

The primary ceramic material used in the production of the sintered scaffold is a
waste by-product of coal combustion in power stations, where the ash produced is
divided into top and bottom fractions, with further division into additional fractions,
one of which has become known by various proprictary trade names, the most
common of which is cenospheres. This light, hollow, spherical and elliptical, free-
flowing alumino-silicate material is constituted by

(a) single, hollow spheres, in which wall thickness is approximately 10% of
diameter, and

(b) aggregations of small, hollow spheres which in their formation sintering
combine to produce larger aggregated ovoid forms with irregular surfaces

that reflect their internal structures.

Industry estimates place annual total world fly-ash production at approximately
400m tonnes [4], with the cenosphere fraction potentially representing perhaps 20m
tonnes.

Various of the fly ash fractions are used by the cement and plastics industries, some
are incorporated in a range of experimental agricultural programs, others in civil
engineering, highway construction and maintenance, but, regardless of the type of
application in which they are currently employed, fly ash is an almost insoluble

problem for the world-wide electricity-generation industry that depends upon coal
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combustion. Recent legislation in India forbids traditional brick making within a
five-mile radius of a coal-fired power station unless all manufactured bricks include
30% by weight fly ash. That and similar attempts to increase use of part of the
worldwide fly ash stockpile still manages to see only "37 million tons of coal
combustion products beneficially used annually [5] in the United States each year",
with "more than 81 million tons still being disposed in landfills." Figures to show
what percentage of total coal combustion products (CCPs) cenospheres represent are
variable, but on the basis of American Coal Council & American Coal Ash
Association (ACC&ACAA) estimates and industry breakdown of CCP fractions it
may be assumed that cenosphere reclamation within the US alone represents the

potential for approximately 5.9 million tons annually (See Appendix 1).
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Chapter 2

Literature Review

2.1 Preamble

By the end of the first half of the 19" Century the interest in the physical world that
for the previous two centuries had often been the preserve of gifted, wealthy and well
educated amateurs was being increasingly formalised. Competition between the
nations of Western Europe for trade and empires drove State policy and saw the
emergence of institutions both within and outside of existing universities and whose
sole function was the systematic investigation of materials, particularly as these
results might eventually be applied to industry and trade and the benefit of the State.
Likewise, the growth and consolidation of industry in the decades after the first
industrial revolution saw the burgeoning development of new sections within
manufacturing enterprises whose sole function was the research and development of
new materials, new chemicals and new products. Indivisible from the results, and as a
consequence of these State and privately funded researches, was an explosive increase

in both knowledge and the technology necessary for its production.

In the century after 1850 the period between 1900 and 1950 is regarded by many as
the most intensive and productive for the investigation of clay-based ceramic
microstructures and the processes inherent in their formation. But by the mid 1930s
there was a decrease in the number of papers published with new results of research
into clay-based ceramic's properties and structures, this decrease perhaps implying a
consensus within the research community that most of the work that could be done
had been done. The ceramic-research community began to swing to the emerging

field of what quickly became known as “new ceramics”. The Second World War
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disrupted the accelerating interest in new-ceramics research and into nearly every
other aspect of ceramics as well, other than those areas that could be directly applied

to the war effort.

Post-war interest in ceramics-based research saw a continuing change in emphasis and
location. Emphasis was now clearly moving away from the European-centric
dominance of traditional clay-based ceramics, with the locations of that research
moving from Europe, principally pre-war Germany and to a lesser extent Great
Britain, to the United States of America. Research into the “new ceramics”, non-clay-
based ceramics, now occurred in a period without precedent in the history of materials
science for its vigour, focus and the scale of the great wealth available from

governments and industry to fund their researchers.

Where trade and curiosity to discover and define the unknown had been the driving
force in the mid-19™ Century, mid-20" Century materials science was defined by an
increasing focus on the emerging space race, and the then ten-year-old struggle for
nuclear dominance at the heart of Cold War rivalry between the USA and the USSR.
Research had become precisely focussed and perhaps less generalist than previously
in its application and had moved away decisively from clay-based to non-clay based

ceramics.

2.2 Cenospheres.
The physical properties of cenospheres are seen as varying from one coal deposit to
another but, regardless of their source, they are agreed to be largely spherical,

sometimes elliptical, always hollow to various extents, and enclosed by an alumino-
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silicate shell of variable wall thickness, density and structure. Larger elliptical
particles will be seen to enclose an alumino-silicate skeleton, which reflects the
aggregation of smaller, multiple single spheres within the larger form. Some larger
particles will include spheres which will themselves contain smaller single unit

spheres.

Cenospheres are described by manufacturers as ceramic balloons and as having
diameters between 10-600um, by others as being completely spherical and by others
as both spherical and ovoid. Suppliers describe cenospheres as a white free-flowing
powder; others see their material as grey. The temperature at which cenospheres melt
is stated as greater than 1700°C, for other suppliers it is a material that will melt at

1300°C.

Cenospheres are in commercial use as extenders in plastics, as an integral part of
syntactic foams, as additives in insulating paints for industrial applications, as
additions in alteration to soil properties for agriculture and even for medical purposes
in bandages that absorb wound exudate. The concrete industry makes use of
cenospheres in composite sheeting as well as in bridge and road construction, the
brick-making industry in India includes fly ash in bricks by legislative interdict. In its
industrial applications it is a material that embodies a paradox, in that notwithstanding
its widespread use in a range of applications that do not require sintering, its use is
characterised not as a material that stands alone, but as a material that by its use alters
the properties of an existing materials composite to which it is added. This work
presents the results of the sintering fusion of cenospheres and the characterisation of

that resultant structure.
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There are no data or references that can be relied upon as conclusive in establishing
cither the total annual world production of pulverised-fuel fly ash or the annual total

tonnage of cenospheres recovered from that production.

Cenospheres in pulverised-fuel ash were characterised and their properties defined by
Raask, E 1968 [6]. This seminal paper, the work for which was carried out at the
Central Electricity Research Laboratories, Leatherhead, UK, reports that different
amounts of lightweight cenospheres are produced by the boilers at different power
stations; in some cases the quantity of ash cenospheres is negligible whereas some
boilers discharge sufficient to form a thick layer of floating material on lagoons. Table
2.1 shows the percentage of ash cenospheres in pulverised-fuel ash for those power
stations listed as ranging from 0.1-4.8%, with chemistry of samples showing similar
variation. He observed cenospheres as colourless glass spheres of sizes ranging from
20-200pm, with a noticeable absence of small particles less than 10um. Separation of
dried cenospheres into nine different size fractions was performed by sieving, a
function found easier in the absence of submicron particles. Variation to the sizes of
cenospheres showed that of the floating cenospheres only 5% by weight of particles
were less than 50pm in diameter, whereas dense fly ash has more than 80% below
that size and that while density of cenospheres is only a quarter of that of solid ash
particles, by volume the cenospheres can amount to as much as 20% of total fly ash
from stations sourced. Non-porous walls or shells of cenospheres are reported as 2.0
to 10.0um thick, with bulk density of samples varying between 0.25 and 0.35g/cm’

and the apparent density of individual particles in the range 0.4 t0 0.8 g/em’.
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Table 2.1: Densities and thickness of ash cenospheres, after Raask, E [6]

TABLE 3 Densities and wall thickness of ash cenospheres

Particle diameter of graded sample (1)
05 to 120

Sample Upgraded > 152 120 to 152 89 to 105 75 to 89 63 to 75 53 to 63 < 45
Carrington:

Real density, gcm? 2-26 - —_ — —_ — — —
Apparent density, gcm?  0-54 0-55 0-53 0-56 0-53 0-54 0-54 —

Bulk density, g cm-? 0-34 0-32 0-34 0-33 0-33 0-33 0-31 —

Wall thickness, = - ST 0 50 425 36 3-0 =
Ferrybridge: g e e
Real density, g cm? 2-30 = = S = - e S
Apparent density, gcm-*  0-58 0-62 — 056 0-55 0-57 056 056
Ek_(!ensily‘lcm‘ 0-34 0-31 0-29 0-34 0-34 0-33 0-34 0-28
Wall thickness, u — — — 50 4-3 37 31 2'6
High Marnham:

Real density, g cm—2 2-02 o -— e oy 52 e o
Apparent density, gcm™*  0-42 0-44 0-47 0-41 0-43 0-40 0-55 —

Bulk density, gcm-? 0-27 0-28 0-28 0-27 0-26 0-25 0-24 —

Wall thickness, x = = 56 41 3-9 2.9 35 —
Skelton Grange: s 7

Real density, g cm-? 2-40 - — - — ol oo
Apparent density, gcm™®  0-62 053 046 (V) O W e 0-63 =
Bulk density, g cm—? 0-43 0-32 0-35 0-36 0-37 0-36 —

Wall thickness, « - 0 = 4-5 40 38 34 — —

Note: In some size fractions there was an insufficient amount of materials for density measurements.

Analysis of gases contained within cenospheres indicates evolution of carbon dioxide

and nitrogen within fused silicate glass during their period within the boiler chamber

results in their expansion to cenospheres, with gas evolution catalysed by iron oxide.

The composition of gas within cenospheres was analysed by gas chromatography and

showed CO, and N, were the main constituents of gas locked in cenospheres.

Table 2.2: Gas composition and pressure in ash cenospheres, after Raask, E [6]

TABLE 4 Gas composition and pressure in ash ceno-

spheres
Pressure
Yol. of gas at NTP, cm?g! atm at

Sample CO, N, CO 0, 20°C
High Marnham 0:27 0075 < 0-01 < 0-005 0-2
Carrington 0:13 0-13.  <.0:03 <10:01 0 0:2
Skelton Grange 0-16 0-04 < 0:0l <0:005 0-18
Ferrybridge 0-19 006 < 0-01 < 0-005 0-18

Raask’s explanation of the formation of contained gases and their pressures proposes

two possible sources of COg,

dissociation of carbonates and combustion of

carbonaceous matter. Calcium carbonate was ruled out as the cenospheres contain
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only small amounts of calcium oxide. In addition to calcium carbonate, coal may
contain iron carbonate, but the decomposition of iron carbonate is below 600°C, thus
the evolution of CO, would have been completed well before the siliceous material
started to soften. Raask reports that experiments made to observe the gas evolution
showed that oxidation of carbon or carbides within the molten silica glass is the most
likely source of gas. Raask’s experiments proved that an intimate contact of

carbonaceous and siliceous matter is required and that the presence of iron is

essential.

Raask shows the dependence of cenosphere formation on iron oxide in ash in Fig 2.1:
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FIG. 7 Dependence of cenosphere formation on iron oxide in ash.

Figure 2.1: Dependence of cenosphere formation on iron oxide in ash, [6]
(Reproduction from a copy of the paper received from inter-library loan)
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where the amount of cenospheres in different ashes is plotted against iron oxide

content. It is reported that ferric oxide could be the sole source of oxygen to provide

CO0; for the expansion of the molten silica particles by reaction with dispersed carbon:
2Fe;03 + C = 4Fe0 + CO;

If this were so it may be calculated that 5-8% of Fe,0; would be required to expand a

given particle to cenosphere dimensions.
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FIG.9 Plot of inverse of radius change of radius against radius.

Figure 2.2: Plot of inverse of radius change of radius against radius, after Raask, E

(6]
Raask shows in Figure 2.2, above, that the time required for the formation of 50um
cenospheres at 1400°C, where the viscosity of the silicate is estimated from the data of
Hoy Roberts and Wilkins [7] to be 1000 poises and the surface tension of the silicate

is 320 dynes/cm']. The time required for the expansion of the particle to 95% of the
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final size is 0.3 milliseconds. Raask further reports that as the pressure inside the
sphere approaches equilibrium the rate of expansion slows down, thus the final stage
may take several seconds. If too much gas is generated inside the ash particle it will
burst leaving a blob and the process of expansion is repeated. Alternatively, if the
viscosity is low the particle will explode into small dense particles, the phenomenon
similar to that of a bursting soap bubble. On rapid cooling no significant contraction
of the cenospheres should take place. A cenosphere having a radius of 50um would
take about 50 milliseconds to cool to about 1000°C, thus the decrease in the particle

radius during this time interval could not be more than 0.5pm.
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151 \

P
=

PRESSURE, atm.

[
f

RADIUS, p1

FIG. 8 Pressure inside ash cenospheres.

A—Equilibrium pressure during the formation.
B—Pressure in frozen cenospheres at 20°C.

Figure 2.3: Pressure inside ash cenospheres [6]
After freezing, the pressure inside the sphere decreases in accord with Charles” Law
and the curve B, Figure 2.3, represents the pressure inside the frozen cenospheres at
20°C, assuming a freezing temperature of 1000°C. The pressure thus calculated is
higher than the value, 0.2atm, obtained from gas analysis, Table 4, above. Raask

suggests that the viscous contraction of the cenosphere had ceased above 1000°C, but
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the results of gas analysis are not sufficiently accurate to evaluate a definite freezing

temperature.

In his conclusion Raask writes, inter alia, that the thickness of the shell is about 10%
of the radius; the silica content is higher but the calcium oxide is lower in the
cenospheres than in the dense material; the ash cenospheres decrepitate on heating to
300°C, a phenomenon probably associated with the release of water dissolved in the
glassy material. He further concludes that the formation and size of cenospheres are
governed by the viscosity and surface tension of fused silicate glass, by the rate of

change in particle temperature, and by the rate of diffusion of gases in the silicate.

The fly ash of six coals representative of those burnt in US power plants were
examined by Ghosal., S., and Self, S.A., (1994) [8], Their report, part of an effort to
provide data for reliable prediction of the effects of radiative heat transfer in
combustors, details physical characterisation involving the classification of ashes into
six density categories, with size distribution for all categories determined as being in
the range 1-200um. They conclude that all but two of the ashes have mass fractions of
>80%, in the density range 2.0-2.8 g/em’ and average densities in the range 2.1-2.4 g

3
cm .

A Canadian microscopic study of combustion residues of sub-bituminous and
bituminous coals from Alberta, Gentzis, T., and Chambers, A., (1922) [9] classified
three coals morphologically using reflected light microscopy, concluding that, inter

alia, high-volatile bituminous coal produced large isotropic cenospheres having thin

and thick walls as well as exploded cenospheres. A study of Greek lignites in the
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Ptolemais field, Georgakopoulos, A., et al, (1994) [10] shows ash consisting of
irregularly shaped, oval and spherical particles, with plerospheres, cenospheres and

<Sum spherical particles also present.

The physical, chemical, mineralogical and thermal properties of cenospheres from an
ash lagoon in India are reported by Kolay, P.K., and Singh, D.N (2000) [11] where a
small percentage of the particles present in the pulverised coal ash consist of thin-
walled hollow spheres or cenospheres. It is interesting to note that the authors state
that the amount of cenospheres or plerospheres contained in an ash normally depends
upon its carbon and iron contents and where in general the diameter of cenospheres
ranges from 20-200pum, shell wall thickness varies from 2-10pum, with density varying
from 0.3-0.6g/cm’. The authors concluded that alumina and quartz are the most
predominant minerals present in the cenosphere samples, that the particles are seen to
be almost uniform in size, with specific surface area quite low. The cenosphere
samples were seen to be thermally stable up to 280°C, with the formation of an

endothermic peak at around 330°C.

Zheng, Y., and Wang, Z., (1996) [12] examined thermal behaviour of lignite and semi-
anthracite coals, in the production of cenospheres, finding highly vesiculated
cenospheres rarely developed due to the respective coal’s poor thermoplasticity, with
corpohumanite and textinite having thermal behaviour similar to textinite during
pyrolysis. Gay, A..J, Littlejohn, R.F., and van Duin, P.J., (1983) [13] discovered
cenospheres in fly ash from fluidised-bed combustors, reporting differences between
the fluidised bed and more conventional combustors that are likely to affect

cenosphere production are indicated. They further reported, that fly ash from
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fluidised-bed combustion of bituminous coals contains carbonaceous cenospheres of
several forms, thick-walled, opaque and transparent with a skeletal structure as well as

balloons without skeletons.

Ozdemir, O., and Celik, M.S., (2002) [14] characterised fly ash as unburned carbon,
iron compounds, typically of magnetite, pozzolanic material and cenospheres,
conducting a systematic study to optimum conditions for the separation of these

materials from fly ash.

The use of cenospheres in the production of a new light weight inorganic polymer was
proposed by Wu, H-C., and Sun, P., (2005) [15], using Class F fly ash, metakaolinite
and light weight aggregate, and small amounts of sodium hydroxide and sodium
silicate solution in the fabrication of a geopolymer, first proposed as a new class of
three dimensional alumino-silicates by Professor Joseph Davidovits in the 1970s.
They reported cenospheres as hollow, alumino-silicate, micro-ceramic balloons, with
low density, low shrinkage and high strength from their outer shell and superior
thermal stability. Low specific gravity (0.64) and small diameter made them ideal

replacement for sand in the production of light-weight concrete.

A potential use of cenospheres is noted by Ayers, S.R., and Van Erp, G.M., (2003)
[16] who report a new class of structural core material applicable to composite
materials in civil and structural engineering where vinyl ester resins and cenospheres
are combined. Cardoso, R.J., Shukla, A., and Bose, A., (2002) [17] presented findings
of the effect of particle size and surface treatment on constitutive properties of

polyester-cenosphere composites, using hollow alumino-silicate spheres ranging from
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10-400um diameters as a filler in an homogenous polyester composite, reporting that

amongst other findings, fracture toughness increased with particle size reduction.

Additional study of hygrothermal properties of syntactic foams, commonly used as
core materials in composite sandwich structures for weight sensitive applications, was
carried out by Gupta, N., and Woldesenbet, E., (2003) [18]. Epoxy resin was used as
the matrix material where the distribution of outer diameter cenospheres added to two
resins was the same. Results of compression tests were compared with those of dry

syntactic foam samples.

Freeform fabrication of aluminium metal-matrix composites were examined by
Souvignier, C.W., Sercombe, T.B., et al, (2001) [19] who reported that a series of
metal-matrix composites were formed by extrusion freeform fabrication of a
sinterable aluminium alloy in combination with silicon carbide and whiskers, alumina
particles and hollow fly ash cenospheres. They further found that this fabrication
method also allows composites to be formed with hollow spheres that cannot be
formed by other powder or melt methods. A metal matrix syntactic foam was created
by Rohatgi, P.K., Kim, J.K., et al, (2006) [20] who reported loose beds of cenospheres
being pressure infiltrated with A356 alloy melt using applied pressure up to 275 kPa,
where the volume fraction of cenospheres were in the range of 20-65% and

processing variables included melt temperature, gas pressure and the particle size of

the fly ash.

Working on the fabrication and characterisation of ceramic foams based on a silicon

carbide matrix and hollow alumino-silicate spheres, Ozcivici, E., and Singh, R.P.,

19
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(2005) [21] also report incorporation of two different grades of cenospheres into a
silicon carbide matrix, where the matrix was formed through the pyrolysis of a pre-
ceramic polymer, with multiple polymer infiltration and pyrolysis cycles employed in
the minimisation of voids. Thermal conductivity and thermal expansion properties for
both 5-100 and 5-500pum cenosphere-based materials were measured as a function of
the number of re-infiltration cycles with laser flash technology employed to measure

thermal conductivity.

Cenospheres as a component of emulsion explosives are reported by Anshits, A.G.,
Anshits, N.N., and Deribas, A.A., et al, (2005) [22] where cenospheres 50-250pm
diameter were added to an emulsion explosive as a sensitiser and variation to

detonation velocity was measured as a function of variation to particle diameter.

The role of cenospheres in cracking in fly-ash-bearing cement pastes was reported by

Montgomery, D., and Diamond, S., (1984) [23], where compact-tension specimens
were prepared from a cement paste with an especially high content of cenospheres. It
was found that an advancing crack, even after extensive ageing, typically went around
the cenosphere-paste interface rather cleaving through the cenosphere itself, thus
appearing to act as energy dissipating inclusions in fracture and not necessarily
weakening the system. Tiwari, V., et al, (2004) [24] reported investigation of the
effect of the addition of cenospheres to a cement matrix, with experimental results
showing that a 40% volume fraction addition increased the noise reduction coefficient
by 100%, where in a cenosphere-rich cement the sound absorption coefficient of

asphalt concrete decreased with an increase to the cenosphere volume fraction.
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The immobilisation of cesium and strontium radio nuclides in framework alumino-
silicates using cenospheres, where calcination and solid-phase crystalline stages are

utilised was reported by Vasil'eva, N.G, et al, (2005) [25]

Electroless copper coating of cenospheres using a silver nitrate activator was
investigated by Shukla., S., et al, (2001) [26] where AgNo; was used to successfully

achieve a uniform and continuous Cu coating of cenosphere surfaces.

2.3 Sintering

Sintering is a topic area that is now long understood and reported upon. Since ancient
times potters have understood the role of the application of increased heat as essential
to the achievement of the changes that we know as sintering. Archacologists
cautiously propose that the first sintered objects were probably made in Mesopotamia
some 10,000-12,000 years BP and saw the first consideration of the transforming link

between heat and clay.

This entirely empirically based process brought slow change over thousands of years
to the process of making pottery with an equally slow accretion of the knowledge of
cause and effect. Temperature could only be assessed optically, certain colours in the
chambers of potters' kilns were known to produce particular desirable qualities and
equally others were not associated with success. The change necessary to produce
what we understand as a reduction firing in a kiln was accompanied by smoke and
flame from its chimney and stoking ports and reduced clarity in the kiln's chambers,
an oxidising firing was the opposite, clarity in the chamber and no sustained smoke

and flame from chimney and stoking ports. It was not until the mid 19th Century that
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the connection between heat applied to ceramic objects and the creation of different

structures within its constituent particles would be formally examined and described.

Hermann Salmang, in Ceramics: Physical and Chemical Fundamentals, [27], gathers,
organises, clucidates and cites 612 papers that published the results of research into all
aspects of the chemistry and physics of clay between 1821 and 1955. It is beyond the
scope of this thesis to attempt to summarise Salmang’s monumental compilation and
explanation of the reported findings of one hundred and thirty four years. More
recently Kingery, Bowen and Uhlmann, [1], and Barsoum, [2], have added their
significant contributions to the greater understanding of the field. I acknowledge my
dependence upon the work of these five writers in achieving an understanding of the
processes and mechanisms inherent in the sintering of ceramic materials generally and

particularly insofar as they touch upon and inform my investigations reported here.

2.4 Granular systems

Tsoungui, O., Vallet, D., and Chamet, J-C, 1998 [28] report the results of
experimental studies into the distribution of contact forces within two-dimensional
granular packings with binary size distribution, composed of water softener salt discs
of uniform thickness, under an oedometric compression. In the mechanics of soils and
srocks the analysed media are frequently considered as discontinuous or granular. It is
then possible to use physical models made of spheres, or of discs loaded in their
plane, to better understand the distribution of forces between grains. Using photo-
clastic visualisations, these models provided striking evidence of the heterogencous

distribution of inter-particle forces in a granular system on a scale definitely larger
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than the typical particle size. Tsoungui, O. et al, [28], report that these

heterogeneities are generally responsible for many unusual properties of granular

media.

Computer simulations enable the capture of some of the aspects of the packing of
grains under compression and the authors propose an experimental method leading to
the determination of particle-particle contact forces that involves the direct
measurement of contact area traces left on particles in contact. Using water-softener
discs of uniform thickness it is possible to measure the irreversible trace left on the

discs after contact.

Figure 2.4, below, shows a network of normal contact branches in a sample after
computer analysis, where each disc is identified by a number. Contact branches are
drawn from the centre of one particle to that of the adjoining particle through its

contact point at the circumference of each.
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Fig. 1. Network of normal contact branches in sample A after
a computer image analysis. Each disk is identified by a number
inside the packing

Figure 2.4: Network of normal contact branches in sample [28]
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Figure 2.5 shows restoration of the network of normal forces in a sample after
computer image analysis, where forces are encoded as the width of inter-centre

segments.

Fig. 4. Restoration of the network of normal forces in sample
B after a computer image analysis. Forces are encoded as the
widths of inter-center segments

Figure 2.5: Restoration of normal forces in sample [28]
Experimental results show that the size ratio of the largest and smallest discs is
approximately 1.67 and that fluctuation of the disc’s radii is less than 5% of their
average value. The mass concentration of small discs is 50% and 65% in Figures 2.4
and 2.5. Contact forces are observed as appearing to be very heterogeneous, forming
“chains” along which the magnitudes are particularly intense, with the chains

generally oriented in the direction of the macroscopic force applied.

The authors conclude that their results indicate that very strong particle-particle
contact forces in granular packings are exponentially rare. The relative agreement
between simulation data and their experimental tests shows that the direct
measurement of contact areas can be a powerful tool in the analysis of granular

assemblies.
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He, D., and Ekere, N.N., (2001) [29] reported the application of a Monte Carlo
technique to simulate the structure of concentrated suspensions of hard spherical
particles that obey lognormal distribution. Structures reported in their study were
shown to be completely random, homogeneous and isotropic by statistical tests. With
particles of lognormal distribution both the gap sizes and the neighbouring numbers
are distributed over broader ranges than that with equal particles. Their results also
show that with equal particles and particles of lognormal distribution, there is no
significant difference between the distributions of the solid-area distributions on the

Cross sections.

Figure 4. 3-D and 2-D cross sections of random pack-
ing (left) and concentrated suspension with
solid-volume fraction of 0.45 (right), o, = 0.20.

Centers of darkened particles are in front of the cross sec-
tions.

Figure 2.6: 3-D and 2-D cross sections of random packing and concentration
suspension with solid fraction [29]
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In random packing of particles there exist both close contacts and near contacts.
Theoretical analysis does not take the near contacts, such as particle i and particle j,
below, Figure 2.7, into account. However, because the hydrodynamic interaction
between these two particles may be stronger than between particle i and a smaller

particle, such as particle 4, it should be taken into account.

Figure 5. Particles in random packing (left) and In sus-
pension (right).

Theoretical prediction cannot take the gap between particle
i and particle j into consideration

Figure 2.7: Particles in random packing and in suspension [29]
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Figure 2.8 shows solid-area fractions (a) on cross sections and (b) comparison of
distributions. To evaluate the structure on a macro scale, each simulation was cut by

forty equally separated cross sections, see Figure 2.6 above, and the distribution of the

solid area fractions was examined.

The authors concluded, inter alia, that as the standard deviation of particle diameters
increases, both the gap sizes and neighbouring numbers distribute over broader
ranges. In contrast particle-size distribution has no significant influence on the

distribution of solid area fractions on the cross sections.
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Chapter 3

Theoretical model

3.1 Microstructure

Figure 3.1 below shows a diagrammatic representation of the ceramic material’s sintered
structure and cross-section details, showing:
a) variation to geometry, sizes and internal structures, where single or multiple
closed voids are contained within cenospheres
b) neck structures joining the cenospheres that are formed during sintering from
alumino-silicate materials
d) articulated interstitial spaces between fused cenosphere-plus-neck

combinations, with open porosity (estimated as within the range 35-40%)

Clésed yoids

Cenosphere solid

80 - 300pm]|

1 Closed void }

Neck structure =g
between cenospheres

YArticulated voids

Figure 3.1: Geometrical and morphological model of the sintered cenosphere
structure. Dimensions shown are indicative of possible size ranges.
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A TN

Figure 3.2: Photograhic image of an expanded aluminium foam structure, x10

Figure 3.2 shows for comparison with Figure 3.1 the less-complex microstructure of a

foamed metal solid with articulated voids and no closed voids.

The ceramic material studied comprises

(1) solid substance

(11) pores which are articulated and connected to the outside (open pores)

(ili)  pores that are not articulated to either the outside or to another pore (blind pores).
In such a case the volume of the body, V, defined by its external dimensions, (Flynn) can be
divided into:

Vo=Vs+Vop*tVsp (1)

Where V. is the volume occupied by the solid substance only, V,, is the volume occupied by

the open pores, and V, is the volume occupied by the sealed pores.
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A single-void cenosphere particle (diameter range 45-150um), is generalized as having a
wall thickness that is approximately 10% of its external diameter, where direct observation
of single-void particles shows wall thickness can vary from >3% to <15% of overall
diameter. When single-void particles of the same diameter are isolated and compared, it is

seen that wall thicknesses are not identical.

As average particle-size diameter increases beyond 150um, the proportion of single-void
particles decreases, with single-void particles appearing to be less than approximately 5% of
particles within the range 180-300 pm. The geometry of particles also varies as a function of
increase to particle size, so that single-void spherical particles are increasingly replaced by
particles that are ovoid or elliptical, with surface irregularities reflecting their structures as
aggregations of small-diameter spheres. The thickness of the walls that define and separate
the smaller internal spheres themselves vary unpredictably, with thickened wall sections seen

as including very small completely contained spherical voids.

Where in a traditional clay-based structure it can be shown conclusively that the articulated
void fraction can be both measured and predicted as a function of particle size and sintering
temperature, this appears not possible in the use of cenospheres. The combination of
particles of differing equivalent spherical diameters, geometries, densities and surface
profiles produces an articulated void fraction which, because of the these factors, will
necessarily vary in its sectional volumes and cross-sectional geometry and measurements,
while also being predictable within a narrow range of values for its total volume in large-

number sample measurements.
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In addition to variation to articulated void-fraction volumes described above, a further

variable is seen where the surface of individual cenosphere particles has been fractured, thus
opening access to inner voids that are otherwise contained within an intact cenosphere’s
outer shell. When such access occurs the inner-void volume then becomes an integral part of
the structure’s larger, articulated-void fraction and thus must also be considered part of the
structure’s tortuosity. The random distribution of cenospheres of differing sizes, volumes and
densities that differ in their packing one to another, as well as in the distances between close
but not-touching particles, suggests that while total void volumes can be calculated, volumes

will vary unpredictably from one section of a given sample to that of another.

3.2 Determination of porosity
The determination of total articulated porosity volume presents an additional problem. In

clay-based ceramics apparent porosity (AP) is defined by Singer & Singer (1971) as,

Wet wt of sample - Dry wt of sample

AP% = *100 2)

Dry wt of sample

Where Dry weight is the weight of the sample without any water (moisture) and dry weight
of the sample determines the mass of the solid substance and Wet weight is the weight of the

sample with pores completely filled with water.

If the solid substance is made up of a number of different constituents, then the mass of the
solid, defined by its weight, is the sum of the masses of the individual constituents. Given the
volume fraction of each constituent solid and assuming the simple law of mixtures, we have

the relationship for the density of the solid:

2l
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Pei= PIVT =PV + PV 0, P = F 05V, .
1

where v;, vy, vs etc, represent the volume fractions of the individual constituents and

Py, Pas Ps3» etc, are their corresponding densities (Flynn).

The increase in the weight of the wet sample is assumed to be due to water ingress through

open pores. Assuming that water fills all of the open pore spaces, then V, =V, and

water op
therefore the volume fraction of open pores can be calculated from,

*
e V“ ater m water phm[\

= (4)

) =
op *
me/\ m hody pmlh'r

where:
m is measured by weighing

water

m,,, 1s measured by weighing

’n/nul)

Dty = and volume is measured by dimensions

body
Power =1 (assumed value)

In the cenosphere-based ceramic the distribution of actual or equivalent spherical diameters
of cenosphere particles is random and the density of individual cenosphere particles is
unknown because the internal void-volume fraction of those particles varies randomly and is
not able to be predicted. There are only two non-cenosphere materials used in the
cenosphere-based ceramic where density and constituent weights are known and where the
equations appropriate to a dense, sintered clay-based ceramic might obtain. However the

weights of these two materials combined constitute only ~19% of the whole. Where in a
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porous solid total porosity is known, articulated porosity can be measured and hence closed

porosity can be calculated.

3.3 Permeability

A porous medium or material may be defined as a solid that contains within its structure an
interconnected or articulated network of pores that may be filled with a fluid or a gas. The
interconnected void fraction is assumed to be continuous in three dimensions and is defined
by and exists simultaneously with the structure’s solid fraction, so producing two

continuously interdependent scaffolds or matrices.

Naturally occurring structures such as rocks, foams and woods as well as bone are
considered as porous media, with manufactured materials further including ceramics and

expanded metallic foams.

Flow through porous media was first described by Darcy, who established the proportional
relationship between the instantaneous flow rate through a porous medium, the viscosity of
the fluid and the pressure drop over a given distance,

_ —kA Pb-Pa

Q-ﬂ .

(5)

where Q is the flow rate defined as the unit of fluid volume per unit time, £ is a constant
expressed in units of area of the medium, 4 is the cross sectional area to flow, and (Pb-Pa) is
the pressure drop, 4 is the dynamic viscosity in units of Pa.s and L is the length over which

the pressure drop is taking place.
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In this structure, where the volume of added powdered ceramic materials is increased, that

increase will further occupy spaces between cenosphere particles. The result of such increase

is reduction of available cross-sectional area and hence reduced permeability. If neck

thickness is reduced the results will be reduction of available void cross-sectional area and

reduced permeability.

But not all the fluid that fills the voids within a porous medium flows when a pressure

difference is applied. Part of the fluid remains stagnated because of tortuosity and does not

contribute to the fluid flow rate. The effective porosity that contributes to the flow can be

defined as

e 3o vol. occupied by the flowing fluid E_

total structure volume v,
If a porous structure is fed with a fluid with a volumetric rate O, then:

. 2 e v
o volume of flowing fluid ol 6)

time t

where 7* is the time of flow through the medium.

Therefore, measurement of Q includes the effect of tortuosity on sample

permeability.

3.4 Elastic modulus

ultimate

One of the most commonly used generic equations that describes the effect of porosity on

mechanical properties is

X =X exp(-bVfp) (7)
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Where X is the mechanical property, Vfp is the volume fraction of porosity, b is an empirical

constant and the subscript 0 indicates zero porosity [24].

Lu, et al (1999) [24] reported analysis of the relationship between porosity and the elastic
modulus of porous materials. They state that the existing theoretical models are suitable for
limited cases and some are mathematically complicated. They propose a new
micromechanics model to explain experimental results for materials of porosity less than

approximately 30%. One existing theory is employed for foams with porosity values greater

than 30%.

The shear modulus of the porous material ¢ which is defined as
= ;/;, 1s given by

e

(8)
H 7"51)0 ¢

And similarly, the bulk modulus, k, of the porous material can be obtained as

ko 3(1 _V())
=l )
k 2(1-2v,) ¢

In the above two equations, z,, v, and k, are the elastic moduli of the material when the
porosity is zero and ¢ is the total porosity. The Young’s modulus, E, is related to 4 and k&
by

Oku

s (10)
3k + u

As the parameters 4, vo, Eo and ko are inter-dependent, the authors report that ultimately

the elastic modulus E is dependent upon the value of the initial value of the elastic modulus
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(when porosity ¢ equals to zero) £, and the initial value of the Poisson’s ratio p,. The

value of the Poisson’s ratio in general is about 0.3 for ceramics. Numerical calculations show

that the results are insensitive to the value of ), in this range. Therefore, the elastic modulus

mainly depends upon the value of E,, .

E:EO cxp(—bEVﬂ)) )

3.5 Strength and fracture of porous ceramic sintered from spherical particles

Krasulin, e al, (1980) [25] report the mechanical properties of ceramics obtained by the
sintering of stabilized zirconia microspheres and report strength at compression and tension,
elastic deformation and modulus of elasticity at compression, specific works of fracture, of

fracture initiation and stress intensity were determined.

Mechanical properties of porous material depend upon peculiarities of microstructure. In
known expressions, peculiarities of microstructure and its effects on strength are, as a rule,
taken into account through empirical coefficients. However, some of them indicate the

necessity to form structure elements in order to minimize the stress concentrations.

According to Weiss [26], the stress concentration coefficient in porous material of grain
structure may be written as

Ko =KiKplp/(p+2y)] 12)
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where g is the stress concentration coefficient in the contact region between grains,

depending on the geometrical form of the contact; kyis the coefficient of stress
concentration occurring due to defects in the contact; p is the radius of curvature in the

contact profile and y is the distance of the defect from the contact edge.

As can be seen from eqn. (12), the value of g, is minimal when pores have a round shape

and there are no defects in the contact. Such a type of macrostructure of a porous sample

may be obtained, for example, by using grains of a spherical form.

3.6 Strength as a function of porosity

The structure is to a large extent determined by particle-size distribution of cenospheres,
which constitute approximately 87% of volume, when sintered at temperatures up to 1400°C.
The neck fraction formed during sintering from added ceramic materials principally affects
porosity rather tortuosity and we therefore assume that changes to measured permeability are
indicative of changes to porosity. We infer a relationship between permeability and porosity

from Darcy’s law.

8/



Chapter 4 Experimental Methods & Techniques

Chapter 4

Experimental Methods and Techniques

4.01 Factors considered in the choice of raw materials

It was assumed that the structure needed to be sintered to acquire the strength otherwise
absent in unsintered ceramic powder compacts. It was also assumed that the structure
would be a compound material comprised by a number of materials that, as a function of
their composition, their particle sizes and their distribution, would offer the potential for
fusion at their contact points, so presenting the possibility of the creation of a network of

interconnected voids.

While the temperature at which such a hypothetical articulated-void fraction would cease
to be patent was unknown, it is clearly established that conventionally sintered
clay/mineral compounds can be reliably regarded as porous in the range 900-1050°C.
Sintering to 1000°C over approximately 8 hours is the general industrial and studio
standard for biscuit or first-fired ware that is intended for subsequent glaze application
and firing to maturation. We chose 1000°C as the starting point at which both higher and
Jower maximum temperature experimental sintering cycles should begin. It was thought
possible that results might indicate a range of temperature maxima extending both above

and below 1000°C. The possible extent of such a temperature range was unknown.
The choice of materials for use in combination in initial experiments was informed by our

knowledge of individual material’s sintered properties and potential for the achievement

of specific eutectic temperatures. The possibility offered by the use of one material in
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combination with another or others would be considered, tested, retained for examination
and additional development or discarded. We held no fixed expectations as to outcomes
and insofar as it was possible the conventions and limits explicit in the rubric of

traditional ceramics’ usage were ignored.

4.02 Sintering of samples

The first sintering of materials combinations was carried out in a 10cuft, directly
observed, manually controlled pottery kiln in the Ceramic Workshop, National Institute
of the Arts (NITA), Australian National University. Sample sintering rates and firing end-
points were monitored by direct observation of Orton Seger pyrometric cones. Testing
continued in that kiln until it was established that a strong, porous ceramic structure had
been achieved. At that point it was obvious that a reliable, computer-controlled furnace,
highly accurate in both control and recording of all aspects of firing cycles and
temperatures, was required. Controlled multiple replicating firings were fundamental to
the successful characterisation of the structure and the determination of its properties at
successively higher temperatures. The Ceramic Workshop kiln displayed significant
temperature variation within the volume of its packing space and was not able to deliver

the accuracy required.

A computer-controlled furnace in the School of Aerospace, C ivil & Mechanical
Engineering (ACME), Australian Defence Force Academy (ADFA), Canberra, ACT, was
next used to replicate results of firings performed in the NITA kiln. While the ADFA

furnace was computer controlled and more accurate in the management of firing ramps
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than its manually controlled predecessor, assessment of temperatures using Seger Orton
cones set at multiple points along the length of its chamber showed significant variation,
so rendering unreliable the results of sintering of multiple samples distributed along its

length. Data from this series of firings were discarded and not included in this study.

Enquiry to the Materials Division, Australian Nuclear Science & Technology
Organisation (ANSTO), Lucas Heights, New South Wales, revealed a computer-driven
Laser Dilatometer Furnace. This furnace incorporates a laser dilatometer and allows the
use of an infinitely variable firing cycle between ambient and 1550°C as well as the
simultaneous recording of temperature and measurement of dimensional changes to
multiple cylindrical samples at all points of any designated sintering cycle. This furnace
was used in the sintering of every materials-combination sample for all of the the
experimental programme in the characterisation of the porous-ceramic structure’s

properties.

4.03 Purchase of materials

All materials used in this study were purchased from commercial suppliers of
manufactured ceramic materials, all are in daily use by the ceramics and other industries
in applications not related to this work. Purchased materials were not then subject to any
further processing, refinement, addition or alteration other than for being combined with

other materials.

Materials that were rare, expensive, or required complex compounding, additional pre-

use sintering or other preparation, or which were known to be compounds developed for

specialized applications, or otherwise limited in their application were not considered.
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It was necessary for chosen materials to be capable of being used in combinations
appropriate to the range of temperatures contemplated, while also allowing the possible
achievement of new properties, or properties at least reflecting or similar to those already

exhibited in traditional non-porous sintered ceramics.

4.04 Description of materials used in precursor experiments

Table salt

Crushed brick
Diatomaceous earth
Kaolins and ball clays
Liquid clay suspensions
Lithium carbonate
Polystyrene balls
Powdered, commercial manufactured clays
PVA glues

Sawdust

Sodium bicarbonate
Sodium carbonate
Sodium silicate
Vermiculite

4.05 Precursor experiments in evaluation of materials

The materials listed in 4.04, above, were mixed either alone or in combination with
kaolin or ball clays or liquid clay suspensions as the matrix to which one or more
materials were added. The resultant compounds were variously dried, subjected to cold
isostatic pressing (CIP) while unsintered, sintered after CIP, fracture faces were viewed
and thin sections prepared for visualisation of sample structures using SEM. In each case
materials chosen for sintering were fired in air to a maximum firing temperature of

1000°C.
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SEM imaging and empirical observations did not establish evidence of the existence of
an articulated void fraction in any of the materials combinations tested and all further

testing of such materials combinations was abandoned.

4.06 Material used in the formation of the primary structure

4.06.1 Cenospheres

The primary material that depending upon constituent materials ratios can constitute
between 60-90% of the sintered ceramic structure, are cenospheres, fine, dry, free-
flowing powders that constitute approximately 3-5% fraction of fly ash, and are a waste
by-product of coal combustion in electricity generation. Total world production of fly ash
is estimated to be approximately 400m tonnes, with a potentially recoverable cenosphere
fraction representing 12-20m tonnes. A reliable figure for actual world annual recovered-

cenosphere tonnages is not available for any year.

Figure 4.1: Electronmicrograph of SL500 grade cenosphere particles, x80
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The literature describes cenospheres variously as a free-flowing white powder comprised
by hollow alumino-silicate spheres in which wall thickness is approximately 10% of
diameter. Available particle diameters are claimed to lie between 2.00um to 350pm, but
suppliers are either unable or reluctant to provide large-volumes of samples <45um and
>250pum, because of their relatively low distribution in bulk unsieved batches of
recovered cenospheres.

Figure 4.2 shows SEM visualization of polished thin-sections of single spherical
cenosphere particles where wall thickness varies and is less than 10% of diameter. As
sample diameter increases beyond a nominal 80um, increasing numbers of individual
particles are seen that are sintered ovoid aggregations of small, spherical particles, with
surface irregularities reflecting the irregular diameters and distribution of their constituent

particles.

Figure 4.2: Electron micrograph of polished 30um thin section of
SL500 cenospheres, x100
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4.06.2 Cenospheres, available grades

Table 4.1: Cenospheres, marketed as econospheres, available grades, size ranges and
diameter means

Grade Nominal particle Approximate particle mean
size range in microns in microns

SLG 20 -300 130
SL500 250 - 500 300
SL350 250 - 350 270
SL300 150 - 300 150
SL180 20 - 180 155
SL150 20 - 150 100
SL125 12:-0125 80

SILTS 12 -75 45

4.06.3 Description of cenosphere materials
This material is a waste by-product of coal combustion and a fraction of total fly ash

production. Its supplier describes it as follows, (See Appendix 2, 3).

Table 4.2: E-Spheres, SL500 grade, supplier's technical
specifications and physical properties:

Technical details Physical properties
Form Free flowing white powder
Particle size 250-250um

Colour White

Relative density 0.6-0.8g/cm;

Bulk density 0.4 g/cm;

Shell thickness

Approx. 10% of diameter

PH of water dispersion

6-8

Melting Point 1600-1800C
Compressive strength 45Mpa
Hardness 6 Moh's scale
Refractive index 1E53

Thermal conductivity 0.1W/m/Deg C
Oil absorption 7g/100g
Chemical properties, by weight Typical
Silica 55-60%
Alumina 36-40%

Iron oxide 0.4-0.5%
Titanium dioxide 1.4-1.6%
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4.06.4 Materials used in the formation of secondary structures

Frit DA4914
Kaolin, Eckalite #1

4.07 Choice of maximum sintering temperature range, °C

Limits on access to the ANSTO Materials Division laser-dilatometer furnace and to the
number of standard samples that could be packed in its chamber for any one firing,
required the design of a firing schedule that would include a sequence of six
progressively higher maximum temperatures in the range 1100-1500°C for Groups A, B

and C. Groups A-F were each fired to the benchmark initial firing point of 1000°C and

subsequently to 1400°C, with Group G fired once to 1300°C.

Table 4.3: The range of sintering temperatures, °C, to which each of the specified

materials Groups was fired.

Sintering temperature °C
Group | 1000 | 1100 | 1200 | 1300 | 1400 | 1400 | 1450 | 1500
@®» | @
A . . . . . . .
B . . . . . . . .
T . . . . . . .
D . .
E . .
F .
G .

45




Chapter 4 Experimental Methods & Techniques

Table 4.4: Identification of material's groups by sintering temperature, °C, and by
constituent materials

Materials Group and Sintering temperature °C
Additions
Group | Additions 1000 | 1100 | 1200 | 1300 | 1400 | 1400 | 1450 | 1500
@2 Q)
Base . . . . . . s
B Base . . . . . . . .
+ silica fume
+tin oxide
C Base . . . . . . .
+ silica fume
+ tin oxide
+ cobalt
carbonate
D Base . .
+ silica fume
4.08 Constituent materials ratios by Group
4.08.1 Group A
Table 4.5: Group A, weight of constituent materials, g
Sample | SL500 g | Frit DA4194 g | Kaolin g | Water ml
No
1-10 10 2.0 0535 6.0

Group A is the materials-combination group upon which all subsequent variations are
based. (For particle-size details of Kaolin see Appendix 4, 5). Samples of this Group
were sintered to each of the temperature intervals specified in the range 1100°C and

1500°C, see Table 4.4. (For particle-size details and constitution of Frit DA4194 see

Appendix 6, 7)
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Group 4.08.2: Group B

Table 4.6: Group B, weight of constituent materials, g

Group | SL500 | Frit DA4194 | Kaolin | Water | Silica Fume | Tin oxide
B g g g ml g g
1 10 2.0 0.35 6.0 1.0 0.1
2 10 20 0235 6.0 0.9 0.2
3 10 20 085 6.0 0.8 8
4 10 220 0.35 6.0 0.7 0.4
5 10 2.0 0.35 6.0 0.6 0.5
6 10 2.0 0.35 6.0 0.5 0.6
7 10 2.0 0.35 6.0 0.4 0.7
8 10 2.0 0.35 6.0 0.3 0.8
9 10 2.0 0.35 6.0 0.2 0.9
10 10 2.0 0.35 6.0 0.1 I1L.0

Group B, above, is comprised of base Group A, with additions of silica fume and tin
oxide added as a double line blend, in which the weight of one of those two materials
additions decreases incrementally at a constant rate, while the weight of the other
material addition increases incrementally at a constant rate.

In this Group all materials other than the two added, silica fume and tin oxide, remain
constant in their weight ratios, g. The two additional materials, silica fume (See Appendix
8, 9) and tin oxid, SnO,, respectively, see their weight ratios vary predictably, by either
being increased (silica fume) or decreased (SnO,) at the same constant 0.1g weight-

increment.

Silica fume is a byproduct of the production of silicon metal or ferrosilicon alloys.
Silicon metal and alloys are produced in electric furnaces in which the raw materials are

quartz, coal, and woodchips. The smoke that results from furnace operation is collected

and sold as silica fume.
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Figure 4.3: Electronmicrograph of silica fume particles, x100

Perhaps the most important use of this material is as a mineral admixture in concrete,’
with 95% of particle sizes typically <lum, with particle density approximately 2.2g/cm’
and total surface area within the range 15-30m”/g. Silica fume was added in the form

purchased, and not sieved or otherwise processed.

Tin oxide, SnO, a material that is widely used in the ceramics industry as an opacifier in
glazes, is also used as a means by which a localized reducing atmosphere can be achieved
within a powdered ceramic compact in an otherwise overall oxidising atmosphere. It was

for this latter capacity that tin oxide was added to the list of constituent materials in

Group C.

! Silica Fume Association, http://www.silicafume.org/reprints.html
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W

Figure 4.4: Electronmicrograph of 30um polished thin section of silica fume, x100

With silica fume a source of not only silica and alumina but also FeO and Ca0, it was
hypothesized that additions of tin oxide might have a measurable influence on the rate
and extent to which any structure formed by the constituent materials might sinter and
melt. It was also hypothesized that this materials combination might allow the
achievement of properties that could otherwise be achievable only at higher temperatures

when fired in a standard oxidising atmosphere in the absence of tin oxide.

The purpose in the use of the double-line blend mechanism for the simultaneous addition

and reduction of two materials is as follows:

1. the creation of ten, new sample combinations
2. the measurement and calculation of those samples' individual properties

after sintering to each specified, successively higher temperature
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3. the comparison of each of those samples' measured and calculated
properties with each of the other sample's averages within Group B
4. the comparison of Group B individual-sample properties with those

averaged Group A properties at each specified sintering temperature, °C

4.08.3 Group C

Table 4.7: Group C, weight of constituent materials, g

Sample | SL500 Frit Kaolin | Water | Silica Tin Cobalt

No g DA4194 g g ml | Fume g | oxide g | carbonate
1 10 2.0 0.35 6.0 1.0 0.1 0.07
2 10 2.0 (0235 6.0 0.9 0.2 0.07
3 10 2.0 0.35 6.0 0.8 0.3 0.07
4 10 210 0.35 6.0 0.7 0.4 0.07
S 10 2:0 035 6.0 0.6 0.5 0.07
6 10 2.0 0.35 6.0 0.5 0.6 0.07
7 10 2.0 0185 6.0 0.4 0.7 0.07
8 10 2.0 0.35 6.0 0.3 0.8 0.07
9 10 2.0 0.35 6.0 0.2 0.9 0.07
10 10 2.0 0.35 6.0 0.1 1.0 0.07

Group C, is comprised by Group B, with the addition of cobalt carbonate at a constant
weight, 0.07g, to each of its ten individual constituent samples. The reasoning informing

the choice of materials constituting Group B is explained in 4.08.2.

Cobalt carbonate (for particle-size details see Appendix 6) was chosen for addition to
the Group B series because of its capacity for volatility between 750-900°C and its
potential to assist in the formation of eutectic mixtures that were modifications of

mixtures that had formed and sintered previously in its absence.

The purpose in the use of cobalt carbonate as a single addition material is as follows:

1. the creation of ten, new sample combinations
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2. the measurement and calculation of those samples' individual
properties after sintering to each successively higher temperature

3. the comparison of each of those ten samples' averaged measured and
calculated properties with each of the other sample's averages within
Group B

4. the comparison of Group C individual-sample properties with those
averaged Group A properties at each specified sintering temperature,
2€

4.08.4 Group D

Table 4.8: Group D, weight of constituent materials, g

Sample | SL500 Frit Kaolin | Water | Silica

Number g DA4194 ¢ g ml Fume g
1 10 2.0 0.35 6.0 1.0
2 10 2.0 0.35 6.0 0.9
3 10 2:0 0.35 6.0 0.8
4 10 2.0 0.35 6.0 0.7
3 10 2.0 0.35 6.0 0.6
6 10 2.0 0.35 6.0 0.5
7 10 2.0 0.35 6.0 0.4
8 10 2.0 0.35 6.0 0.3
9 10 2.0 0.35 6.0 0.2
10 10 2,0 0.35 6.0 0.1

Group D, Table 4.8 above, is comprised by Group B, with the addition of silica fume to
each of its ten individual constituent samples, with the weight, g, addition for each
sample decreasing incrementally by 0.1g.
The purpose in the use of this single addition material is as follows:

1. the creation of ten, new sample combinations

2. the measurement and calculation of those samples' individual

properties after sintering to each successively higher temperature
3. the comparison of each of those samples' measured and calculated

properties with each of the other sample's averages within Group B
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4. the comparison of Group C individual-sample properties with those
averaged Group A, B and C properties at each specified sintering
temperature, °C

4.09 Determination of sample form

All sintered samples are to be measured for their compressive strength and a cylindrical
form was chosen as appropriate for the characterisation of the sintered structures’
properties, particularly also as it applied to measurement and firing in ANSTO’s Laser

Dilatometer Furnace.

4.09.1 Choice of the dimensions of the cylindrical form

Paper cylinders of diameter 32mm and length 60mm were made, batches of raw materials
combinations weighing 10g, 15g and 20g were prepared, each batch was placed in a
paper cylindrical form, each was compacted and their dry volumes measured.

A sample containing 10g of the primary raw material, with dimensions length 30mm,
diameter 32mm, and average unsintered volume 25cm’® when compacted, was chosen as
standard for the production of uniform samples for sintering and the subsequent

characterisation of their properties.

4.09.2 Choice of material for cylindrical container form

Paper was chosen as the cylindrical-former material in the knowledge that it would burn
off at low temperature, ~250-300°C, in the initial stages of the sintering cycle, leaving its
sintered contents available for handling and measurement in a visually and manually

accessible form.
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It was decided to leave the samples within their cylindrical paper formers as removal of
the paper from dried samples made samples fragile, with particles sticking to the paper
surface and creating problems in their safe transport from Canberra to the ANSTO

facility on the outskirts of Sydney.

The paper’s negligible ash residue on combustion would not contaminate the cylinder’s
contents or its surfaces and hence could be disregarded as a possible variable to be

included in the multiple factors contributing to sintered properties.

Visual observation of combustion trials of sample cylinders showed the paper former
initially blackening, smoldering and buckling, eventually catching fire with its burning
fragments curling away from the contained ceramic material and falling on to the kiln
shelf on which the samples sat. Elapsed time from first charring of the paper former to
complete removal by combustion averaged five minutes, a period in which it was not
possible for the local temperatures reached by the burning paper to have affected the

course of subsequent sintering of the powdered ceramic fractions contained within it.

Samples removed from the furnace after combustion of the paper cylinders did not show

any observable alteration to the otherwise unsintered ceramic structures.

Post-firing comparison of unsintered and sintered ceramic samples after firing to 1000°C
showed no optical or microscopic evidence of blocking, uncharacteristic alteration to or

constriction of voids on cylinder surfaces, or the presence of any fraction not
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characteristic of the interior surfaces of the porous ceramic’s void fraction. With >700°C
the firing end point for all samples, any carbon residue of the paper former that might
have still existed at 300°C can be assumed to be completely removed in the oxidising
atmosphere of the firing by the time samples had reached 700°C. The sellotape used to
seal and strengthen the cylindrical paper form left no observable residue on completion of
the sintering cycle.

4.09.3 Fabrication of cylindrical paper container form

Multiple paper cylinders were prepared. Standard filter paper”, was used to make a triple-
layer thickness cylinder form with a closed base, diameter 32mm, length 40mm, by
rolling cut strips of 40mm width filter paper around a 32mm diameter, stainless steel
mandrel, where each cylinder wall and base was comprised by three layers of paper, with
all seams sealed by clear adhesive sellotape, with the finished cylinder further
strengthened by wrapping with overlapping layers of clear adhesive tape.

4.10 Identification of samples

Each materials combination was given a label as detailed in Appendix 10

Figure 4.5: Unsintered, dried samples showing numbering sequence

> Whatman Filter Papers #1, 24.0cm,Circular #1001 240
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4.11 Mixing of dry materials for sintering

Where two or more materials were to be combined, the standard 10g cenosphere sample
was first placed in a glass beaker and the first of the other dry material was added and
mixed by stirring with a stainless steel spatula until observation suggested that each was
well mixed with the other. Each additional material was then added to the existing mix
with each mixed thoroughly before the next addition. After all dry materials were mixed
water was added as required by using a single-measure burette and immediately mixed

thoroughly into the combined dry-mixed sample material.

4.11.1 Compaction of samples in paper cylindrical former

The wet-mixed material composite is transferred to a standard paper cylinder and
compacted using a cylindrical wooden compacting rod, the diameter of which is 0.05mm
smaller than the diameter of the paper cylinder. When compacted the sample is then
transferred to a bench drill press where it is further compressed by a turned stainless steel
platen to ensure that the planes of the top and bottom faces of the cylindrical form are

parallel with each other and at 90° to the cylinder's longitudinal axis.

Mixed samples were then dried, first uncovered in air for 24 hours and then for 48 hours

in an electric drying oven at 80°C.

4.11.2 Identification of samples after removal from the firing chamber

After firing, furnace shelves were removed and sintered samples were then individually
removed in the reverse order to that in which they had been packed. the sample's

identifying number was then written on the top and side of each sample and placed into a
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numbered cliplock bag that had each been marked with the same number. Samples were
then further sorted into their sequence groups and bagged in larger cliplock bags that
identified a) date, b) maximum firing temperature °C, ¢) series numbers, d) Group letter

as appropriate, e) place of firing.

4.12 Choice of firing maximum sintering temperatures

The furnace used in the sintering of all samples in this study was a Laser Dilatometer
Furnace sited in the Materials Division, Australian Nuclear Science and Technology
Organisation, ANSTO, Lucas Heights, New South Wales. This furnace is computer
driven and infinitely variable in its programmable firing cycle/sequences limits, with a

maximum available firing temperature of 1550°C. (See Appendix 11).

Successive firings were then conducted at 100°C intervals between 1100°C and 1400°C,
with the interval 1400°C to 1500°C then varied to include a 50°C increase to 1450°C,
with the period of time at which the contents were soaked or held at maximum

temperature remaining constant in all firings.

4.13 Design of firing cycle

If a residually damp dense clay-based ceramic were heated at a temperature-increase rate
which sees the rapid achievement of 100°C, the residual water within its structure will
boil and form steam. If the rate at which that residual water vaporizes and forms steam

exceeds the rate at which that steam can be vented safely to the outside via its void
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fraction, the risk of damage to the ceramic's structure from an explosive release of steam

pressure is almost inevitable.

The highly porous nature of the unsintered, mixed cenosphere structure, its uniformly
high proportion of large spherical particles and the regularity of its articulated void
fraction, meant that this ceramic structure was not subject to those explosive dangers.
This permitted both the design of a firing cycle that would allow a more rapid heating
rate than would otherwise have been possible if conventional clay-based fine-particle
ceramic materials and firing cycles had been in use as well as the use of longer, slower

firing cycles if desired.

Preliminary test firing of samples in the ANSTO Laser Dilatometer furnace, Figure 4.6,
showed observable exfoliation of fine surface particles at approximately 460°C. The
firing cycle common to all firings, including the latter three, was adjusted to
accommodate this phenomenon by reducing the average temperature rate °C increase
between 300-800°C to 60°C/hr from the 160°C/hr employed between switch-on/ambient

and 300°C.

4.14 Sintering of samples

Computer control of the firing of ANSTO’s Laser Dilatometer Furnace, the repeated use
of both the same shelves and the same number of pieces of kiln furniture and the packing
of the same number and approximately the same total volume of samples produced a total

ceramic mass that was replicated almost exactly in each firing. While the density of the
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total ceramic mass in each firing did vary, it varied predictably such that the distribution
of the various density ranges within the furnace was constant. Having established the
initial firing cycle that was then replicated across the series, we saw it as unnecessary to
depend upon pyrometric cones for the determination of the firing end point. (For detail of

firing cycles see Appendix 12, 13).

Samples were packed on thin sheets of high-alumina ceramic sheeting, which had been
dusted with fine zirconium particles, with each material acting as complimentary
refractory layers between the shelf and samples. The packed chamber with its shelves and

furniture in place was photographed before each firing.

Figure 4.6: Group A, pre-firing in ANSTO Laser dilatometer furnace, 1300°C,
showing silicon carbide shelving and high alumina sheeting
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After passing through the successive replicated ramps the chamber achieved its
programmed maximum temperature, was then soaked for a specified time to allow the
achievement of optimally even temperature distribution within samples and was then
fired down at 2.6°C/min until 400°C, at which point the furnace switched off

automatically and then cooled at the rate natural to its insulation and construction.

4.15 Recording of data.

e Each sintered sample was measured using electronic Vernier calipers with
sample length and diameter each measured at four points, recorded and
averaged.

e All sample dimensions were recorded at the time of mixing
e All sample wet-mixed weights were recorded at the time of mixing.
e Sample dry, fired weight was recorded immediately after removal from the

kiln's chamber, identified and bagged.

4.16 Measurement of permeability rates post firing

Each sample was subjected to flow-rate measurement testing after weighing to determine
dry-weight post firing. Samples were encased in two layers of adhesive, grey gaffer tape,
so that only the top and bottom cylinder faces were open to the passage of water. The
enclosed sample was then placed at the base of a hollow, turned stainless-steel cylinder,
with the junction of the sample and the cylinder then further sealed by two layers of the

same adhesive, grey gaffer tape. The stainless steel cylinder was itself permanently
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attached to the base of a funnel, so producing a head of water of length 25¢cm and

diameter 30mm.

The funnel was attached to a standard laboratory retort stand and was filled with tap
water, water was allowed to pass through the sample, the initial collection was discarded
and water was then collected for a further two minutes.

Water loss from the funnel reserve was replaced at a rate equal to its loss during flow
measurement so that head height and volume remained constant.

Each sample’s flow rate was measured five times with results recorded and averaged.

4.17 Measurement of compressive strength

The measurement of sample compressive strength was chosen for the determination of
the properties of mechanical failure and modulus of elasticity for the reason that the
highly porous nature of the sintered structures presented an insurmountable problem in
the concentration of stress at the grip location on the sample if subject to tensile axial

loading.

All sintered samples were tested for compressive strength using an Instron model 4505

Universal Testing System with 100kN load cell.

The top and bottom faces of each dry sample were lightly ground using P800 grade

emery paper to remove any protuberant irregularities and to achieve an approximately

even horizontal plane for each surface. Each ground surface was then cleaned with
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compressed air before testing. Each cylindrical sample was placed on the Instron 4504

moveable crossbeam with its marked top surface uppermost.

The same steel compression platen was used on the upper surface of each sample in each
test. The identifying number of each sample was recorded with each result. All
recoverable remains were collected, bagged, labeled and reserved for subsequent

examination.

4.18 Imaging and analysis of samples using SEM

4.18.1 Preparation of sample thin sections for SEM
Samples requiring imaging of polished sections and analysis using SEM were prepared as
30um polished thin sections in the Thin-section Laboratory, Department of Earth &
Marine Sciences, Australian National University. Each sample was prepared in the
following sequence:
1. The section for preparation was cut using a water cooled, diamond saw
with moveable armature and static blade to a thickness of approximately
1.2mm.
2. The sample cut face was hand ground using P800 wet and dry papers to
minimize irregularities within the cut surface.
3. The sample was dried on a hot plate and when cooled was attached to a
standard petrology slide using Petropoxy that had first been applied and
absorbed and absorbed into the porous structure of the sample before slide

attachment.
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4. The sample number was inscribed into the lower face of the slide using a
diamond-tipped scriber.

5. Using 15um standard alumina oxide grit each sample was then reduced to
35um average thickness on the laboratory’s Logitech LP30 production
lapping and optical polishing equipment.

6. The sample was then polished and further reduced in thickness using
2.5um paste and oil, with the final polished 30um section finished on

Pellon cloth with 1pum diamond paste and oil.

4.18.2 SEM imaging of sample thin sections and fracture faces

The facilities of the University’s Electron Microscopy Unit, (EMU), were then used in
the further preparation of polished thin sections for imaging and analysis. Depending
upon the intention, samples were mounted on appropriate stubs, which were marked on
their upper and lower faces with their sample numbers, and then either sputter coated
with gold, for imaging using the Cambridge 360 instrument, or carbon-sputter coated for
X-ray analysis using the Jeol 6400. Electronic records of both images and analyses
obtained from polished thin-section samples were individually identified with their
appropriate sample number and retained, with each image showing sample number,
magnification and scale bar. Samples were observed at x80, x250, x800 and x2500 as

appropriate and recorded and saved electronically.

Large remnant fracture samples were attached to mounting stubs using nail polish, which

when hardened was then gold sputter-coated for observation on the Cambridge 360
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instrument. Samples were observed at appropriate magnifications and images recorded

and saved electronically with each image showing sample number, magnification and

scale bar.

4.19 Preparation of core samples for tomographic imaging

Cores were cut from the central longitudinal axis of selected, full-size, sintered
cylindrical samples in the Mineral Separation Laboratory, RSES, Australian National
University, using a 2mm water-cooled, hollow-core drill and were then washed and dried.
Samples were marked with their sample number and placed in appropriately numbered
clip-lock bags. Each sample was dried for 24 hours in a drying oven in the Materials
Laboratory, Department of Engineering, before being taken to the Tomography Unit,

Department of Applied Mathematics, RSPhysSE, Australian National University.

Tomographic analysis of cores was performed by Dr Tim Senden, with data retained and

translation of data into three dimensional images performed by Dr Adrian Sheppard.

4.20 Vacuum infiltration of sintered samples by polymerics
4.20.1 Vacuum infiltration

Fourteen hollow plastic cylindrical forms were turned, where finished cylinder length
was 40mm, inner diameter 34mm and wall thickness 4mm. Each hollow cylindrical form
included a removable, fitted base plug turned from the same material that when removed
allowed the extraction of the hardened but uncured, infiltrated polymer plug, within

which was contained an infiltrated sintered sample. The surfaces of the mould forms were
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cleaned inside and out with acetone and dried. The interior walls of the containers and
their base plugs that were to be in contact with polymer were coated twice with mould
release and allowed to dry for ten minutes. Base plugs were inserted into the cylinder
base. An adhesive label showing the identifying test number of the sample to be

infiltrated was placed on the outside of the cylinder wall.

The polymeric for infiltration were mixed in accordance with manufacturer's directions in
a mortar and pestle and poured into a container. The container was identified by marking

with the appropriate sample number.

Minerals and other materials mixed with the polymer included:

Table 4.9: Materials used in the compounding of materials for vacuum infiltration

Sb,05 Antimony oxide MnO, Manganese dioxide
BaSO, | Barium sulphate NiO Nickel oxide
AL O3 Calcined alumina Polymers

CaCO; | Calcium carbonate K>,0.A1,05.6S10, Potassium feldspar

PbO Canary yellow Si0; Silica quartz
litharge

Cr05 Chromium oxide Fe,O5 Red iron oxide

CoCO; | Cobalt carbonate Pb304 Red lead

CuCO; | Copper carbonate Silica fume

CuO Copper oxide SnO; Tin oxide

NaCl Domestic common TiO, Titanium dioxide
salt
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Figure 4.7: Desiccator chamber containing sample for de-airing, with vacuum pump
attached

Figure 4.8: Sintered sample in container prior to vacuum infiltration
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4.20.2 Summary of mixing sequence and infiltration under vacuum of polymerics

1. A standard sample that had been previously sintered to 1100°C is placed
in a cylindrical receptacle with a removable base plug, the interior of
which had been cleaned and coated with mould release.

2. Two cut-wire holding pins, Figure 4.8, are attached to the cylinder's outer
wall and secured against the upper surface of the cylindrical sample to
prevent it floating when the polymer compound for infiltration is poured
around and over it

3. The containment cylinder is identified with the appropriate sample number

4. The container with its mixed polymeric is placed in a lidded desiccator
chamber with the lid securely in place

5. A rubber hose is attached to the top of the evacuation outlet and then to
the inlet point on the vacuum pump, the vacuum pump is switched on

6. Pressure within the desiccator is reduced to -70kPa and the outlet/inlet
valve is closed so that the vacuum is maintained. The pump is switched off
and the sample observed for out gassing

7. When bubbles have stopped forming on the polymer's upper surface from
within the fluid polymer volume and large surface bubbles have burst, the
outlet/inlet valve is opened and internal pressure is returned to ambient.

8. This sequence of pressure reduction, valve closure, out gassing and
restitution of ambient external pressure within the desiccator is repeated

three times.
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9.

10.

LIl

1122,

118"

The de-aired sample is removed from the desiccator and the unused fluid
polymer is poured over and around the sample secured by wire holding
pins within its cylindrical container.

The polymer is absorbed into the void fraction of the sintered sample and
the cylinder is topped up from the de-aired bulk source until such times as
no more polymer is absorbed and its fluid level is 3-4mm below the upper
level of the cylinder

The cylinder + sample + polymer is placed into the desiccator, its lid is
replaced and well seated and the vacuum pump is switched on. Large
bubbles are observed coming to the surface of the polymer from the sides
of the sample.

When the gauge shows internal pressure as -70kPa the outlet/inlet valve is
closed and the chamber and its contents held for one minute. The
inlet/outlet valve is opened and pressure within the desiccator is allowed to
return to ambient, in the process of which polymer is forced into the

articulated void fraction of the sample and the polymer level is seen to

drop significantly

The lid is removed and the polymer level within the cylinder container is
again topped up to a point 3-4mm below the level of the top of the

container cylinder

. The sequence 11-13 is repeated until a) no bubbles are observed as out

gassing from the contained porous sample and b) the level of the polymer
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reservoir within the cylinder does not drop after pressure is returned to
ambient

15. The vacuum pump is switched off, internal pressure is returned to
ambient, the desiccator lid is removed; the infiltrated sample is removed
and placed to one side to cure. The residual unused polymer in its labeled
container is placed next to the labeled infiltrated sample for cure.

16. The cured, hard sample is removed from its containment cylinder and
immediately labeled appropriately.

17. Hard infiltrated samples are placed in a temperature-controlled oven and
heated to 90°C for 4 hours for final cure and achievement of maximum
hardness, or, in the case of infiltrated polymers that do not require heating
for final cure, allowed to stand for the period of time specified as

necessary for final cure.

4.20.3 Summary of mixing sequence and infiltration of polymer-minerals and other
compounds under vacuum

1. The polymeric for infiltration is mixed in accordance with manufacturer's
directions in a mortar and pestle, an appropriate volume of acetone is
added at this point to reduce the sample's viscosity and mixed thoroughly.
The chosen mineral is added to the polymer/acetone mix and thoroughly
mixed. The mixed polymer/acetone/mineral compound poured into a
container. The container is identified by marking with the appropriate

sample number.
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2. When bubbles have stopped forming on the polymer's upper surface from
within the fluid polymer volume and large aggregated surface bubbles

have burst, the outlet/inlet valve is opened and internal pressure is returned

to ambient.

3. The sequence shown in Section 4.20.2 is repeated until a) no bubbles are
observed as out gassing from the contained porous sample and b) the level
of the polymer reservoir within the cylinder does not drop after pressure is

returned to ambient.

Figure 4.9: Cylinders of hardened polymer/mineral composite, each containing an
infiltrated sintered sample

4.20.4 Choice of polymer for infiltration

Derakane 411-3350 Epoxy Vinyl Ester Resin” was selected for use as the polymer to be
infiltrated under vacuum into the structure’s void fraction. Its properties are summarized
as follows:

Table 4.10: Properties of Derakane 411-3350 Epoxy Vinyl Ester Resin

Property Value
Density, 258 C/IISE 1.046g/mL
Dynamic Viscosity, 25°C/77°F | 370mPa-s
Kinematic Viscosity 350 ¢St
Styrene Content 45%

Shelf Life, Dark, 25°C/77°F 7 months
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The properties that might be desirable in a successfully infiltrated structure were
unknown, and the benefits ascribed to Derakane 411-3350 by its manufacturer, see
Appendix 14, made it an attractive choice for investigation:
e Resistance to a wide range of acids, alkalis, bleaches and solvents
e Tolerates heavy design loads without causing failure due to resin damage
e Superior elongation and toughness provides FRP equipment with better impact
resistance and less cracking due to cyclic temperature, pressure fluctuations and
mechanical shocks

e Gel times could be manipulated to produce a range of working times.

4.20.5 Curing of samples infiltrated with a polymer
After removal from their formers, hardened sample were placed in either a small electric
furnace, shown in Fig 4.10, or an autoclave, Fig. 4.11, and heated to 90°C and held for

four hours in accord with the manufacturer’s recommendations.

Figure 4.10: Small furnace used to cure infiltrated samples, Materials Laboratory,
Department of Engineering
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Figure 4.11: Autoclave used to cure infiltrated samples, Materials Laboratory,
Department of Engineering

4.20.6 Preparation of cured, infiltrated samples for compression testing
Cured samples were turned on a lathe to a diameter appropriate to expose the outer layer

of ceramic within the polymer matrix, approximately 28mm, length 27mm.

4.20.7 Measurement of cured, infiltrated sample compressive strength
All sintered samples were tested for compressive strength using an Instron model 4505

Universal Testing System with 100kN load cell.

The same preparation procedure was used as was previously described in Section 4.20.2.
4.20.8 Preparation of samples for X-ray analysis
All samples intended for X-ray analysis using the Joel 6400 SEM, Electron Microscopy

Unit, ANU, were turned to 25mm diameter, sawn to 10mm length using an electric
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water-cooled diamond saw. Top and bottom faces were further polished using P800 wet

and dry paper with water and dried.

4.20.9 X-Ray analysis of samples
Data from five analyses of each sample were collected using the Joel 6400 instrument
and averaged. Calculation of percentage ratios of elements present in each sample was

performed by Dr Frank Brink, EMU, RSBS, ANU.

4.20.10 Measurement of attenuation of signal

Experiments confirming the hypothesis that the sintered Group A structure could be
infiltrated with a polymer/mineral composite were performed at the Photon Factory
Beamline, Tsukuba, Japan, by Dr Mark Ridgway, RSPhysSE, ANU, after preparation by
the author in the Electronic Materials Engineering Laboratory, RSPhysSE. Samples for

testing were cleaned and sawn to within the thickness range 50-60um.

4.20.11 Tomographic imaging of sintered sample

Cores for tomographic imaging were prepared in the mineral separation laboratory,
RSES, ANU. Cores were cut with water-cooled, Smm internal diameter diamond drill,
dried and held at 100°C overnight in a drying oven. On removal cores were identified and

immediately bagged.
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Chapter 5
Results

5.1 Estimation of errors

In this work there are four properties of the materials that we have measured and

which are of primary significance to the definition of their functionality, these are

a) Density

b) Permeability
c¢) Strength

d) Modulus

We begin by deriving the possible errors in these quantities from the measurements

that were carried out.

a) Density:
p= L error[p] 2% 4 3A—/
4 m [
b) Permeability:
g AW ¥ AN\

=l ror|pl= — 22—+ —
2 v eno;[p] = [+ a’+1

¢) Strength:
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o=— For|gl=-—tim—
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d) Modulus
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5.1.1 Measurement of dimensions
Sample dimensions were measured with standard workshop instruments capable of
accuracy to 0.0 mm.

The expected relative error for sample length = 0.01/30 ~+ 3 x 10™

The expected relative error for sample diameter = 0.01/32 =+ 3 x 10™
5.1.2 Measurement of weight
Typical sample weight = 13g. Sample weight was determined using laboratory scales
with resolution of 0.0001g

The expected relative error for weight = 0.0001/13~+ 8 x 10
5.1.3 Measurement of mechanical properties
Measurement of mechanical properties has been carried out on a calibrated Instron
Testing Machine, which has the following specifications:

Load cell accuracy = 0.01% (107
Displacement resolution = 0.01mm

The stiffness of the load frame, the load cell and the compression platens is estimated
to be 10°N/mm. This contributes approximately 2% to the calculated value of the
modulus.

Therefore the expected error for stress is estimated to be less than 107 and the

expected error for elastic modulus is estimated to be of the order of 107

5.1.4 Measurement of particle size

Particle size determination was carried out by sedimentation in a fluid medium. The
exact error has not been determined and it has been confirmed that the calibration of
the instrument has been routinely carried out by the technical staff of Particle Surface
Sciences Pty Ltd. It is assumed that maximum error in particle-size determination

does not exceed £5%.
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5.1.5 Sintering temperature
Sintering of samples was carried out in a Laser Dilatometer Furnace. Calibration of
the furnace’s controls was routinely performed by the appropriate staff of the
Materials Division, Australian Nuclear Science & Technology Organisation.

The maximum error for temperature in sintering does not exceed £1%.
5.1.6 Calculation of density

The expected relative error for density = 1.5 x 10'3g/cm3

These predicted errors are of the order of less than 1%, however, it appears that the
relative error is typically larger than the predicted error and on the basis of our
previous experience we assign an error of 5% to the primary properties of density,

permeability, strength and modulus.

5.2 Results

5.2.1 Density

Group A: Variation to average density, glcrg\ as a function
of maximum sintering temperature, C
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Figure 5.1: Group A, small increase in density is seen between 1100°C and 1400°C, with a
significantly greater increase seen after 1400°C. Each point represents an average of five
measurements, with error bars assigned according to calculations shown in Chapter 5.
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Figure 5.2: Group B, note the magnitude of errors from Figure 5.1, results for
1100°C, 1200°C and 1300°C all fall within error bars for Group A, however results
for 1400°C and 1500C all show significant differences above calculated errors. Each
point represents an average of five measurements, with error bars assigned according
to calculations shown in Chapter 5. Variation to constituent-materials ratios is seen
only in additions of silica fume and SnO,, where all other materials do not vary.
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Figure 5.3: Note the magnitude of errors from Figure 5.1. While results for 1100°C,
1200°C and 1300C all fall within error-bar ranges for Group A, results for Group C
1400°C and 1500C all show significant differences above calculated errors for both
Group A and Group B. Each point represents an average of five measurements. Note
that variation to constituent-materials ratios is seen only in additions of silica fume,
Sn0, and CoCos, where all other materials do not vary.
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© Group A (ol

Group A, C5: Variation to average sample density, g/cm 2
as a function of constitution and maximum sintering
temperature, C
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Figure 5.4 compares results for variation to average density for Group A and C5 and
illustrates the potential for Group A properties to be amended by the addition of
materials, where results for 1100°C show CS approximating average density for
Group A as at 1400°C. Each point represents an average of five measurements, with
error bars assigned according to calculations shown in Chapter 5.
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Group A, uninfiltrated v infiltrated: Variation to average
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Figure 5.5 shows significant variation to average density for Group A structures before and
after their infiltration by a polymer and its subsequent curing.
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5.2.2 Permeability
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Figure 5.6 shows the distribution of averaged values for permeability in each materials Group
and series after their sintering at each of the maximum temperatures specified in Table 1.0,
1100-1500°C. Note that no value, P, is recorded as lower than 0.02, indicating the existence
of an open, articulated-void fraction in all sintered samples at each temperature. Each point
represents an average of five measurements.
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Figure 5.7 compares variation to average density, g/em®, with variation to average
permeability, g/cm.s, as a function to maximum sintering temperature, °C. Note that between
1100-1400°C decrease to permeability reflects increase to average density, with an
unexpected reduction at 1400°C and a disproportionate increase over that of density between
1400°C and 1500°C.

78



Chapter 5 Results

5.2.3 Strength

©  Average slress at maximum load, MPa]

Group A: Average stress at maximum load, MPa,
as a function of maximum sintering temperature, C
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Figure 5.8 shows increase to stress at maximum load for Group A, where each point is an
average of five measurements, with error bars assigned as outlined at the beginning of
Chapter 5. Increase between 1300°C and 1400°C is marginal and increases significantly
between 1400°C and 1500°C. Each point is an average of five measurements.
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Group A: Average stress, MPa, vs average permeability, g/cm.s,
as a function of maximum sintering temperature, C
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Figure 5.9 compares variation to average stress, MPa, with variation to permeability, g/cm.s,
as a function of maximum sintering temperature, °C. Decrease to permeability across the
range 1100-1400°C is marginal, and with the exception of a slightly greater increase seen at
1200°C approximates the decrease in permeability seen over the same range. At 1500°C
maximum stress has doubled where permeability has halved over values for 1400°C.

79



Chapter S Results
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Figure 5.10 shows increase to stress at maximum load for Group B, where each point is an
average of five measurements, with error bars assigned as outlined at the beginning of
Chapter 5. Variation to constituent-materials ratios is seen only in additions of silica fume and
SnO», where all other materials do not vary.
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Figure 5.11: Note differences to increase in average stress at maximum load, MPa, to Group
C samples when compared with results for Group B, Figure 5.10, for the temperature range
1300-1500°C. Each point is an average of five measurements. Variation to constituent-
materials ratios is seen only in additions of silica fume, SnO, and CoCos where all other
materials are constant.
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© Group A a CSI

Group A, C5: Variation to average stress at maximum
load, MPa, as a function of constitution and maximum
sintering temperature, C

25
(e : | | i
S s |
.D' i i H
©
O]
£ i
3 15 ey
E il
3 o
= ‘ ] i %
et e e S e S e
@ i
2 | i - 2]
>
o
o 3
o 5 | 2 o+ : ;@; :-%7 A
$
<
0 1 1 1 1

1100 1200 1300 1400 1500

Temperature, C

Figure 5.12 compares average stress at maximum load, MPa, for Group A and C5 samples,
with divergence of values at 1200°C and then with significant increase to C5 between 1400°C
and 1500°C. Each point is an average of five measurements, with error bars assigned as
outlined in Chapter 5.
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Group A, uninfiltrated and infiltrated: Variation to load
at maximum load, KN, as a function of infiltration by a
polymer and maximum sintering temperature, C
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Figure 5.13 compares variation to average load at maximum load, kN, for Group A samples
when uninfiltrated and infiltrated with a polymer and subsequently cured. Where uninfiltrated
variation is insignificant until 1400°C, increase for infiltrated samples across the range 1100-
1500°C is constant with increase for 1500°C double that of 1100°C. Increase at 1500°C for
infiltrated samples is almost five times that of the increase seen for uninfiltrated samples.
Each point is an average of five measurements, with error bars assigned as outlined in
Chapter 5.
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5.2.4 Modulus

—6—Group A --B--C5 - Group A infiltrated I

Group A, C5, Group A infiltrated: Variation to modulus of

elasticity, MPa, as a function of constitution and maximum
sintering temperature, C
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Figure 5.14 compares variation to modulus of elasticity, MPa, for Group A, C5, and Group A
infiltrated with a polymer and cured. Differences between Group A and C5 are attributed to
variation to C5 constituents, where those of Group A are constant.
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Group A: Variation to average modulus of elasticity, MPa,
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Figure 5.15 compares variation to modulus of elasticity, MPa, with permeability, g/cm.s, for
Group A samples.
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5.2.5 Mechanical behaviour under compression

Figures 5.16-5.20 show variation to load at maximum load, during compression
testing as a function of sintering temperature. Each Figure shows small variation to
plotted data, and results are consistent with sequential, ongoing failure reflecting
crushing and failure at multiple dispersed points rather than a single catastrophic

failure event. A large increase to measured maximum load is seen to occur between

1400°C and 1500°C.
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Figure 5.16: Group A sample 511, 1100°C, Load at Maximum Load, kN, as a function of
Instron cross-head displacement in compressive testing.
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Figure 5.17: Group A sample 765, 1200°C, Load at Maximum load, kN, as a function of
Instron cross-head displacement in compressive testing.
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Figure 5.18: Group A sample 774, 1300°C, Load at Maximum Load, kN, as a function of
Instron cross-head displacement in compressive testing.
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Samples: 785 I
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Figure 5.19: Group A sample 785, 1400°C, Load at Maximum Load, kN, as a function of
Instron cross-head displacement in compressive testing.
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Figure 5.20: Group A sample 1285, 1500°C, Load at Maximum Load, kN, as a function of
Instron cross-head displacement in compressive testing.
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5.2.6 Signal attenuation
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Figure 5.21: Results of Tsukuba Beamline testing, sample 1768, where
X axis = incident photon energy in electron volts, e} and
Y axis = normalised fluorescence yield in arbitrary units
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Figure 5.22: Results of Tsukuba Beamline testing, sample 1803, where
X axis = incident photon energy in electron volts, e} and
Y axis = normalised fluorescence yield in arbitrary units
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Figures 5.21 and 5.22 show results of Tsukoba Beamline testing of a standard Group
A sample sintered to 1100C, infiltrated with a polymer/red lead composite under
vacuum, hardened, cured and sectioned to SOum. In each of Figures 5.22 and 5.23,
samples “1768 and “1803, the polymer red/lead ratios vary as 1:1.5 and 1:2.5,

X axis = incident photon energy in electron volts, eV’
Y axis = normalised fluorescence yield in arbitrary units

Below 13,000eV there is yield, while fractionally above 13,000eV Pb additions create
a structure in which increase to signal attenuation as a function of increase to Pb
distribution is seen in the polymer/red lead composite infiltrated under vacuum into

the structure’s articulated void fraction.

5.3 Sample morphology

Pages 90-95 show a range of electron micrograph images that includes unsintered,
unmixed cenospheres, cenospheres mixed with kaolin as an unsintered porous solid,
cenospheres mixed as the Group A structure and sintered, and polished thin sections
of sintered structures after firing between 1100-1500C, the surfaces of cores and

fracture faces of sintered materials combinations.

The backscatter images included in this selection correspond to firings at specified
maximum temperatures, °C, and show both structures and changes to those structures
that may be seen as being either in corroboration of physical measurements and
derived calculations, or as allowing inference to be made when considered in the light

of those data.

Polished thin sections allow the observation of a selection of the micro structures that

are critical to the formation and understanding of post-firing properties. However,
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they also simultancously present a problem, in that each is a single cross-sectional
slice of a sample from which inference might be drawn, but which does not otherwise
provide explanation of three-dimensional structures above and below the plane of the

image.

Images of unfractured-surface formations assist the understanding of the three
dimensional sintered structure, but, like the thin sections, are limited as predictors of
three-dimensional structures below the surface. Figures 5.33 and 5.34, much larger-
scale images, are the result of the manipulation of data obtained by x-ray tomography.
Taken together, the thin sections, the faces of sintered samples and polished sections
in conjunction with tomographic imaging allow a more accessible understanding of

this structure.
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Figure 5.23: Electron micrograph of unsintered SL500 cenosphere particles
mounted on carbon tape
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Figure 5.24: Enlarged photographic image of surface of a Group A sample after
sintering to 1100°C, initially x5.

Note that Figure 5.25 shows that the sintered body is highly porous and clearly shows
individual cenosphere particles that are also seen as unsintered in the unsintered, non-
compound form in Figure 5.23.

6 |

Internal void

Articulated void

Figure 5.25: Group A, cenosperes + kaolin + Frit, before sintering.
An electron micrograph of polished thin section embedded in epoxy resin.
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Figure 5.26: Group A, sintered to 1100°C, electron micrograph of polished thin
section

Figure 5.27: Group A, sintered to 1200°C, electron micrograph of polished thin
section

Figure 5.28: Group A, 1300°C, electron micrograph of polished thin section
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Figure 5.29: Group A, sintered to 1400°C, elec

sectio

Figure 5.30: Group A, sintered to 1500°C, electron micrograph of polished thin
section

Cenosphere outer
wall

Figure 5.31: Group A, 1100C, electron micrograph of a polished thin section,
showing the outer shells of two cenospheres, joined by a sintered neck structure.
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Note that in Figure 5.31 the shells contain a range of micro voids that are the result of
initial formation. The outer margins of the shells at the point of their interface with the

neck are defined by the absence of the needle-like microcrystalline structures seen in

the shell walls.

e

(Cenosnhere outer wall

228745 7.0

Figure 5.32: Group A, 1100C, electron micrograph showing two cenosphere particles
joined by a typical neck structure

Figure 5.33: X-ray tomography image of Group A material sintered to 1100°C
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Figure 5.34: X-ray tomographic image of Group A material sintered to 1100°C,
selection from data set

Figure 5.35: Image of section of a single 100pum slice taken from a tomographic X-
ray MPEG movie of a Smm core cut from a Group A sample after sintering to 1100°C
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Chapter 6

Discussion

The testing of compounds of cenospheres, kaolin, frit 4194 and water allowed the choice
of the materials ratios that are the foundation for this discussion.

6.1 Structure formation

The unsintered neck/meniscus structure was identified in an electron micrograph of a
compound of cenospheres and kaolin that had been mixed, compacted and allowed to dry
in air. When dry the cenospheres-based compound had formed a solid structure through
which air could be sucked while continuing to retain its structural integrity. Appraisal of
a range of similar dry, unsintered cenosphere-kaolin structures, where the sole variable

was the weight of kaolin that was added to a standard 10g batch of cenospheres, saw the

decision to further examine the sample that contained 3.5% added kaolin.

Figure 6.1: Electron micrograph of a polished thin section of the unsintered
cenosphere-kaolin compound, x250
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Figure 6.1 shows an electron micrograph of a 30um polished thin section of the dry,
unsintered cenosphere-kaolin compound referred to above, which at this point contained
no fritted material. The kaolin fraction, 0.35g/3.5%, added to 10 gm cenospheres and
mixed with 6.0ml water, has formed neck-like structures that link the outer surfaces of
cenospheres particles, a structure that offered potential for the creation of a solid sintered
porous structure. Figure 6.2, x2000, shows sections of the same neck structure in which
aggregations of lamellar kaolin particles are in approximately parallel alignment, having
been carried in water within the structure’s void fraction formed during mixing and
packing of the cenosphere particles. The resultant water/kaolin structure is a meniscus
formed in satisfaction of the molecular forces existing in the surface film, leading to the

contraction of the volume into a form with the least surface area.

97-102000x

N

Figure 6.2: Electron micrograph of aggregated kaolin particles, x2000,
enlarged detail from Figure 6.1
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The random distribution of cenosphere particles within the samples tested in this research

results in a corresponding but not necessarily equally random distribution of void

geometries and volumes within sample cross sections. Notwithstanding that observation

it will be shown that within such observed random distributions there is

(i)

(i1)

(111)

An optimal ratio of dry particulate materials and water such that the
movement of particles suspended within the added water in the formation of
the meniscus is both facilitated and achieved and which on sintering produces
the contact-point fusion of particles that constitute the structure.

Insufficient kaolin and other materials added to either totally fill the
structure’s articulated void fraction, or block it to the extent that it is no longer
articulated.

It is proposed that the volume of kaolin particles added to the cenosphere
batches is insufficient to completely absorb within its own void fraction the
added water and so prevent the movement of the water\kaolin\frit compound
and the formation of the meniscus seen in close association with either contact

points or the closely adjacent shells of cenosphere particles.

Sintering of samples allowed SEM examination of the neck structure. Figure 6.3 shows

cenosphere particles fused together by neck structures described above. This shows the

upper face of a 25mmx5mm diameter core removed from the central longitudinal axis of

a standard cylindrical sample after sintering to 1100°C. The differing sizes and shapes of

the constituent SL500 grade cenospheres that constitute its scaffold are seen, as well as

the interstitial spaces that are formed by the fusion one to another of those particles by the

neck structures seen in Figure 6.1, above.
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Figure 6.3: Electron micrograph of a Group A, Smm core sample, x19. All particles are
joined by neck structures not clearly visible at this magnification

Figure 6.3 shows the upper face of the core and is not fractured or otherwise altered. The
black spots and specks on the surface of individual cenosphere particles are points at
which the outer shell has been broken, during formation, during collection and grading,
or during decrepitation at approximately 300°C. While it is clear that individual elements
of the void fraction formed by contact-point sintering are neither regular in geometry nor
distribution, it is proposed that the absence of other than spherical or ovoid particles
creates a void geometry and distribution which conforms to certain maxima that are
themselves defined by the profiles and distribution of those spherical and ovoid
constituents.

Figures 6.41-6.44 show 3-D images from different perspectives of the same solid
structure from a data set selected from the tomographic X-ray analysis of the sample seen

in Figure 6.34, above. The relationship of the cenosphere particles one to another and the
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void fraction their fusion creates are seen, including detail of the nature of the articulation

of the void fraction that is otherwise only implied by the data obtained from physical

testing, measurement of sintered-structure properties and SEM imaging.

Figure 6.43 Figure 6.44
Figure 6.41-6.44: 3-D tomographic images of the same Group A sintered structure,

1100°C, illustrating the relationship of the cenosphere particles and the articulated void
structure
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Figures 6.41-6.44 also shows cross-section detail of the interiors of large particles
containing multiple enclosed voids. The placement during mixing of the kaolin/frit
composite so that when sintered it forms a collar-like structure around the contact points
of particles is also depicted. The multiple angular planes on the surfaces of the
cenosphere particles are an artifact of 3-D visualisation of the relevant data set. Variation
to cross-section geometry of internal skeletal members within large particles illustrates
the problem of the calculation of individual particle void volumes as well as particle
density, an issue that can only be solved through the use of particles with diameters
smaller than 80um, for at that diameter and below particles are almost entirely spherical
and multiple enclosed voids are rarely found and the thicknesses of the walls of single-

void spheres are also more uniform.

Figure 5.32, Chapter 5, shows detail of two cenospheres joined by a characteristic neck
structure with an external blister explained by Raask, E., [1] as a consequence of the
generation of too much gas within the ash particle’s formation phase, when it burst
leaving a blob with the process of expansion then repeated. The three holes seen on the
upper surface of the lower of the two spheres show the thickness of the cell wall at that
point as well as an interior cavity, with the convex surface surrounding the smaller of the
two holes suggesting a enclosed void that is characteristic of cenosphere particles of this

size.

The presence of holes on the surface of cenospheres is important in the process by which

the sintered structure is infiltrated with polymers and polymer composites under vacuum.
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Where surface holes exist the infiltration of part or whole of the interior of a particle has
the potential to increase the volume of polymer alone and that of a polymer/mineral
composite that may be infiltrated into the structure’s void fraction. The neck that fuses
and joins the surfaces of adjacent cenosphere particles is typical of those seen in the

sintered structures across the temperature range 1100-1500°C.

Figure 6.5, below, shows a series of twelve sequential images that represent X-Ray
tomography slices selected at approximately 25 frame intervals through a 400 frame,
Smm core taken from the longitudinal axis of a Group A structure after sintering to
1100°C. The images allow the non-destructive observation of the internal structure of
constituent cenosphere particles as well as the distribution of voids formed by their
random packing, the addition of the added ceramic neck material and the porous solid
structure formed by its subsequent sintering to 1100°C. The images in Figure 6.5 were
taken from a much larger data-set core in which the image depicted in Figure 5.35
coincides with its diameter. Each of the sequential images seen in Figure 6.5 was selected

at approximately 200pum intervals and defined using the same pixel-based co-ordinates.
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.

Frame 200

Frame 225

rame 250

Frame 300

Frame 325

Figure 6.5: Distribution of particles and voids at 25 frame intervals
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6.2 Sample density

As outlined in Chapter 4, Experimental Methods and Techniques, the materials-
combination common to each of the Groups tested is that of Group A and it is against the
data collected from it that the results of both Groups B and C are compared and
contrasted. The results for variation to constituent materials ratios represented by Groups

D-F were not sufficiently different to justify further examination.

Density results for Group A, Figure 5.1, show a small increase in density between 1100C
and 1400C, with significantly greater increase between 1400C and 1500C, but Groups B
and C, Figures 5.2 and 5.3 respectively, are not identically constituted. Where A is one
materials combination that is tested across the range 1100-1500C, Groups B and C,
Tables 4.6 and 4.7 respectively, are each ten different materials combinations tested
across the same range, with the aim of determining the effect, if any, on their properties
of variation to constituent ratios as a function of maximum sintering temperature. While
there is small variation to density in results for both B and C at the maximum sintering
temperatures to which each was fired between 1000-1500°C, comparison of densities for
Groups B and C at 1400°C and 1500°C show divergence at those temperatures that is
greater than is recorded for the same Groups at 1100-1400°C. Comparison of the
densities of Group A, Figure 5.1, with those of both Groups B, Figure 5.2, and C, Figure
5.3, show densities for B and C marginally increased over those of Group A between

1100-1400°C and significantly increased over those of A for 1400°C and 1500°C.
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Figure 5.4 compares results for variation to average density for Group A and CS5 and
illustrates the potential for Group A density to be amended by the incorporation of

additional materials combinations.

Results for C5 at 1100°C are approximately equal to those of Group A at 1400°C. By
adding materials that alter the Group A solid-neck fraction composite, while leaving the
weight of the primary cenosphere fraction constant, it is possible to simultaneously
produce sintered structures of different densities that would otherwise require separate
firings with different maximum temperatures. In this case C5 varies from the base
Group A composition through the addition of 6% silica fume, 5% tin oxide and 0.7%

cobalt carbonate.

Figure 5.4, while showing convergence of density values for Group A and C5 at 1200°C
and 1300°C shows further divergence with C5 increasing in density over Group A at
1400°C and 1500°C, with the increase between 1450°C and 1500°C almost double that

seen between 1400°C and 1500°C.

It is proposed that the kaolin/frit compound used in the production of the neck fraction
has no equivalent in industrial usage. The closest illustration of the effect of sintering in
industrial applications is seen in both changes to both microstructures and void fractions

in Figures 6.61-6.64.
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In a traditional clay-based ceramic the intention in its sintering is the elimination of as

much of its void fraction as is possible in the achievement of a state that is as close as is

possible to theoretical density for that compound, while not losing its pyroplastic

properties that would lead to slumping, deformation and loss of its intended application,

Flynn (2000).

Figure 6.63: Cone 7 (1215°C) , x800

Figure 6.64: Cone 11 (1294°C) , x800

Figures 6.61-6.64: Electron micrographs of a stoneware clay body, sintered to
four temperatures in the range 960-1294°C, illustrate changes to microstructures,
polished 30um thin sections, x800
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Porosity in a fine-particulate clay-based composite is long understood and shown as
reducing as a function of progressively higher maximum sintering temperatures, resulting
in increasing density of the solid. The number of articulated voids decreases while
initially the number of blind or sealed voids increases simultaneously with that decrease.
However, with further increase to maximum sintering temperature the number of sealed
voids below a threshold diameter decreases and the geometry of those remaining voids
that are too large to be eliminated in the increasing pyroplasticity of the body become

rounder and softer in profile.

In Figure 6.616.64 visible sealed voids initially increase with sintering temperature.
Micro voids that are not visible decrease significantly across the same temperature range.
In Figure 6.63 there is a further decrease in void numbers and an observable increase in
void volumes, while in the final image, Figure 6.64, numbers of voids have decreased

significantly and overall void volume has decreased.

In this study the sintered structure that is characterised is comprised by a mixture of
particle sizes that range from macro for cenospheres, 35-250um, to micro for kaolin, 0.1-
1.0pm. Those particles that constitute the neck fraction occupy part of an articulated void
fraction that is calculated after sintering on the basis of relative densities as occupying
approximately 20% of the bulk volume of samples. The percentage of the articulated void
volume that is occupied by the sintered neck fraction is unknown and has not been able to

be determined in this study. However, electron micrographs, the measurement of sample
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permeability as a function of maximum sintering temperature and X-Ray tomography
combine to suggest that the actual volume loss on mixing and sintering is not substantial.

6.3 Permeability

Figure 5.6 shows the point at which 160 sets of results are distributed; each is an average
of five measurements. Values for permeability lie within the range P = 0.5-2.5, where
none of the results falls below 0.5, allowing the conclusion to be drawn that all samples
so depicted are permeable. Section 4.16 describes the method by which the flow rate per
2mins through the sample was achieved and, in that the head of water above the sample
was maintained at a constant level during the collection period, such that water was
added at a rate equal to that of its depletion, it is proposed that results may be regarded as

valid and reliable.

While electron micrographs and X-ray tomography images show both the solid structure
and the articulated void fraction that it forms, X-ray tomography images, Figure 6.41-
6.44, also show that distribution of particles and the neck fractions that fuse them
together are random, with the result that the conclusion must be drawn that permeability
exists despite this random distribution and that the random distribution of the neck
fraction structures is achieved in such a way that such distribution neither impedes nor
impinges upon flow volumes for water under constant pressure in its passage through
samples. These results and the conclusion drawn from them bring important implications

for the structures and their potential uses in their infiltration by polymer compounds
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under vacuum and their absorption, transmission and diffusion of heat when used in high-

temperature insulation.

6.4 Compression testing of uninfiltrated samples

Figure 5.8 shows average increase to stress at maximum load for Group A samples.
Where increase to stress between 1100°C and 1400°C is only marginal, the increase
between 1400°C and 1500°C is almost six times that seen between 1300°C and 1400°C,
with all points on Figure 5.6 reflecting changes to density in Group A materials seen in

Eignre Sl

Failure of Group A samples at maximum load is not consistent with results and
expectations for solid, fine-particulate dense sintered ceramics. Sammis and Ashby
(1985) examined the process of progressive microfracture in brittle porous materials,
considering the roles of pore size and confining pressures compared with experiments
with glass and brittle plastic. Using cylindrical forms subject to axial compression as a
function of confining pressure it was found that unconfined samples tended to fail by
“slabbing”, that “individual micro cracks initiate at flaws or stress concentrations, or
small (often) grain-sized cracks left by its earlier thermal history. When cracks emanate
from the holes, the shape of the unit cell changes....the cracks grow between each other,
carving the solid into beams which become narrower and longer as the cracks

extend....Cracks which were not neighbours when they were shorter become neighbours
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as they grow longer — although the total number of cracks has not changed...As cracks

grow from the holes the modulus of the solid falls.”

s Sa 8 ey

0,-0y

(a) (v) (c) (d)

Fig. |. The failure modes of porous brittle cylinders under

an axial compression g, as a function of confining pressure

0, =0, Simple compression causes failure by “slabbing”

shown at (a); modest confining pressures give the shear

failure of (b); and large confining pressures give homoge-
neous microcracking, shown at (c).

Figure 6.7: Failure modes of porous brittle cylinders under axial compression,
Sammis and Ashby (1985)
Sammis and Ashby state further, “Brittle solids fail in compression by a process of
progressive microfracture. Acoustic emission shows that micro fracturing begins at about
one half the ultimate failure stress and that the number and length of the micro cracks
increases as the stress is increased further, causing the sample volume to increase even
though the stress state is compressive. Near failure the density of micro cracks and the
dilatency increases rapidly. Microscopy shows that individual micro cracks propagate in
a direction that is more or less parallel to the largest principal compressive stress until

they link to form one of the several types of macroscopic failure. In their conclusion they
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state, “After an initial period of unstable growth, the cracks grow stably, meaning that the
loads must be increased to cause further crack extension, the cracks ultimately become

unstable again and propagate catastrophically.”

This brings us back to the macro/micro relationship of the sintered structure and its
divergence for this reason from the thinking and processes that underlie reports of
investigations, such as those of Sammis and Ashby, into brittle porous materials where
matrix particles are fine within relatively narrow ranges and void diameters are equally
fine and falling in relatively narrow ranges. In this sintered structure it is the neck
material that is the solid fraction which would initially be subject to the failure
mechanisms when in axial compression as described by Sammis and Ashby, and it is in
this initial phase of failure that the most striking differences between it and those

structures described by Sammis and Ashby are seen.

The network of normal contact branches depicted in Figure 2.4, while referring to the
points of contact between solid salt tablets, may be considered in relation to the
theoretical distribution of contact points and particle-particle contact forces in the Group
A sintered structure when in axial compression. Failure in compression in the sintered
sample is not caused by the swift growth of micro cracks which “propagate in a direction
that is more or less parallel to the largest principal compressive stress” and which with
increased load propagate catastrophically.

With the density of individual particles being determined not only by their internal

geometry, whether or not they are a single sphere or multi-sphere structures, but also by
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variation to their wall thickness and that of internal skeletal structures, see Figure 6.1,
failure in compression is not swift and catastrophic but a succession of multiple,
cumulative small failures which sees neck material and cenosphere particles fail locally
when a load sufficient to cause the failure of the weakest element of part of a small local
structure is applied. The small failures may be both individual and sequential or the
sequential simultaneous failure of groups of two or more otherwise local structures with

similar or equal properties in compression.

Figure 6.8(i1)

Samples: 774 J

1 e —

Load (kN)

04— —r—

40 45 50 85 60

Displacement mm

Figure 6.8(iii) Figure 6.8(iv)
Figures 6.8(i)-(iv): Comparison of fracture-face images and differences in Instron
recordings of failure in compression of two ceramic samples.
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Figures 6.8 (i)-(iv) compare images and associated Instron recordings of compression of
two types of sintered-ceramic samples. Figure 6.8(i) shows a dense, low-porosity
stoneware body sintered to 1300°C, (Appendix 15), and Figure 6.8(iii) depicts the
fracture face of Group A materials that had been sintered to 1400°C. Note that the
cenosphere particles reveal internal structures seen in Figure 6.8(iii), illustrating
progressive, crushing failure reflected in the recording shown in Figure 6.8(iv) as

opposed to the sudden catastrophic failures seen in the recordings in Figure 6.8(ii).

Progressive failure seen in Figures 5.16-5.20 may be interpreted as either a significant
disadvantage or an advantage, depending upon the application to which the structure
might be applied. The capacity to fail progressively through sequential crushing of micro
structures, rather than by swift destructive, catastrophic failure, presents possibility for
the further development of this structure in which crushing failure could be predicted as a
function of cenosphere particle-size distribution and maximum-sintering temperature. It
is proposed that the range of random particle sizes and their equivalent spherical
diameters seen in the Group A structures, with accompanying variation to individual
particle densities and distribution of the neck fraction within the structure, would
facilitate controlled crushing, where the same would not necessarily be the case for a
structure comprised by uniformly smaller-diameter spherical particles, more narrow in
their distribution ranges and facilitating the formation of an articulated void fraction more

regular in its geometry and volumes.
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Variation to density, Figure 5.1, and increase to stress at maximum load, Figure 5.8, may
in part be explained by changes to the microstructures of thin-section images seen in
Figures 5.26-5.30. The most notable differences between thin-section images for 1100°C
and 1500°C lie in the distribution of what in the 1100°C sample may be regarded as
normal and expected volumes of solid-neck fractions and their distribution within the
image. The image for the sample fired to 1500°C, however, shows not only large areas of
what would otherwise be voids filled by a solid-ceramic fraction, but also, and most
interestingly, thinning of the walls of the cenosphere particles. Apparent in-filling of
voids within particles with the same solid-ceramic fraction suggests that, while
speculative, what is seen in this image, Figure 5.30, is a consequence of a progressive and
accelerated melting above 1400°C of the alumino-silicate walls and internal skeleton of
the particles, either in conjunction with or in addition to the neck material.

Imagery of neck structures after firing to 1500°C show the formation of interlocking
crystalline structures that suggest the material from which they have grown has been

sufficiently molten for a period of time appropriate to permit and facilitate their growth.

Figure 6.9: Electron micrograph, void fraction and neck structure, Group A,
1500°C, showing crystal growth in association with neck materials in fused particles,
x350
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There is no electron micrograph image available, other than Figure 5.30, of reduced or
altered void-fraction volumes that confirms the melting-and-transport of neck-material
hypothesis in the explanation of the marked increase to densification of the structure that
is seen between 1400°C and 1500°C. Despite having been sintered using the same
heating-and-cooling firing cycle to 1400°C, Group A structures show no crystal
development similar to that of Figure 6.9, above, and it should be noted that the internal

walls of the particle in Figure 6.10 do not appear altered or out of the ordinary.

Figure 6.10: Void fraction and neck structure, Group A, fracture face, 1400°C, showing
intact internal skeletal structures in fused particles, x100
6.5 Infiltration of the sintered structure with a polymer
Only Group A samples sintered across the range 1100-1500°C were infiltrated under
vacuum with a polymer. Measured strength increases, therefore making it more suitable
for use as a structural material.
The purposes of infiltration are two-fold,
a) the production of a more coherent structural material with potential for use in

thermal insulation and sound proofing
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b) the introduction of radiation absorbing substances into the structure’s void
fraction, thus making the new material suitable for a range of signal attenuation
applications, While temperature and sound insulation properties have not been
tested, preliminary testing of signal attenuation properties has been performed, see

Figures 5.19 and 5.20.

The properties measured in compressive testing after vacuum infiltration of the sintered
structure by a polymer, as described in Chapter 4, 4.20.2, are radically different from
those of the uninfiltrated structure described above. Figure 5.5 shows variation to average
density for Group A structures before and after infiltration, with average density at each

of the five firing points approximately double that of averages for uninfiltrated samples.

In Figure 5.13 values for variation to load at maximum load, kN, for sample averages at
each of the firing points diverge significantly. Where in uninfiltrated samples the increase
to average maximum load values in the sintering range 1100-1500°C is insignificant until

1400°C, the rate of increase for infiltrated samples across the range 1100-1500°C is almost
constant with increase for 1500°C double that of 1100°C. Increase at 1500°C for infiltrated

samples is almost five times that of the increase seen for uninfiltrated samples.

Variation to modulus of elasticity is seen in Figure 5.14, where values for uninfiltrated and
infiltrated samples are compared with those of the uninfiltrated CS sample. Increase for infiltrated

samples is almost constant until 1400°C, then increasing to 1500°C, while values for
uninfiltrated samples, with minor variation between 1100-1400°C show similar trends.

Increase over the 100°C interval to 1500°C does not reflect that of infiltrated samples.
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6.5.1 Infiltration of Group A samples with polymer/mineral composites

Using the procedure outlined in Section 4.20.2, Group A samples that had been sintered to

1100°C were infiltrated with a range of Derakane 411-3350 Epoxy Vinyl Ester Resin® and
mineral composites.

Uninfiltrated samples were initially infiltrated under vacuum without alteration, with the
result that as the weight of mineral mixed with Derakane increased, so too did resultant
batch viscosity, until a point was reached that was different for each of the composites,
where infiltration was impeded and became uneven. Samples were drilled using a 2mm
diameter bit to provide three access channels for the composite, two transverse, one
longitudinal. Figure 6.11 shows the relative positions of the three access channels, with

the two transverse channels each intersecting the central longitudinal channel.

Figure 6.11: Group A sample, 1100°C, showing transverse and longitudinal access
points prior to vacuum infiltration

Testing of vacuum infiltration of samples configured with three access channels,
sectioning and subsequent SEM of their polished faces showed that penetration of the
visible void fractions by the Derakane mineral composite both in close proximity to the
drilled holes and at mid points between the three holes did not show observable
differences in the distribution of particles within the Derakane matrix. All subsequent
infiltration with the Derakane mineral composites under vacuum were performed using

standard samples with access channels drilled in the same planes and aspects.
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Figure 6.12: Group A sample, 1100°C, showing a hardened upper surface after vacuum
infiltration with Derakane 411-3350 Epoxy Vinyl Ester Resin and yellow lead, 1:2.5

After vacuum infiltration and hardening the Derakane/yellow lead composite is seen in

Figure 6.12, above, prior to removal.

Figure 6.13: Electron micrograph of a Group A structure, 1100°C infiltrated with
Derakane/yellow lead compositel:2.5, x80

Figure 6.13, above, shows a section of a Group A sample after infiltration with a
Derakane/yellow lead composite, 1:2.5, where cenosphere particles are seen amidst
aggregated white particles of lead. Sawing has removed some of the larger cenosphere
structural elements that are seen as approximately hemispherical cavities. Particles also
show infiltration of interior cavities where the Derakane fraction contains few, if any lead

particles. 50um thick sawn samples of the structure infiltrated with Derakane/lead

116



Chapter 6 Discussion

composite 1:1.5 and 1:2.5 were tested for signal attenuation properties at the Tsukuba

Photon Factory beamline, Japan, with results shown as Figures 5.21 and 5.22.

Because of time and costing constraints it has not been possible for us to determine either
appropriate viscosities or maximum Derakane/mineral ratios for the full range of
element-source composites initially tested. These results are presented as indicative, and
not definitive. Samples infiltrated with Derakane/mineral composites were not tested for
any properties other than signal attenuation.

Table 6.1: Comparison of specific compressive strength of materials

Material Density, p Compressive strength, | Specific compressive strength,
[g/cm’] . [MPa] c./p
Sintered ceramic ~0.5 15 30
Bone 0.05-0.7 19 270
Wood 0.37-0.65
Parallel to grain 38-49 78
Perpendicular to grain 3.4-54 83
Cork ~0.15 - -
Concrete 2.4 40-130 33

Table 6.1 reports properties of four porous solids in addition to those of the sintered
ceramic that is the subject of this thesis. From this comparison it is clear that natural
porous structures, namely bone and wood, are superior to synthetic structures.
Nevertheless, the sintered porous structure developed in this work has specific strength

comparable to that of concrete.
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Chapter 7

Conclusion

A new ceramic structure is described in this work and is characterised as a strong porous
ceramic material in which porosity is predictably variable by composition and sintering.
Its primary constituent is cenospheres, a form of fly ash and a by-product of the
combustion of pulverized coal in the furnaces of electricity-generating power stations.
The addition of powdered-ceramic materials creates the neck structure that allows
individual cenospheres to be fused into a porous solid. The development of the sintered

ceramic structure comprising multiple, readily available raw materials has been achieved.

In its basic, sintered form the structure is a low density ceramic [~500kg/m3], it is light-
weight, strong [15 MPa], and permeable [0.1g/m.s]. It offers potential for use in
association with high temperatures, up to 1400°C, it may be readily sawn and shaped and
when infiltrated with a polymer and cured it may be machined to precise tolerances

[~0.05mm].

The sintered ceramic may be produced over a range of temperatures, 1100-1500°C, and
in its uninfiltrated form may be further varied through
a) choice of constituent-materials ratios

b) choice of maximum sintering temperature within the range demonstrated

Because of its continuously articulated void fraction, during sintering the structure is not
subject to the same average-hourly temperature-increase constraints as traditional, dense,

fine-particle ceramic composites. It is proposed that the structure may be sintered very

118



Chapter 7 Conclusion
slowly, in conjunction with other composites requiring such a regimen, or alone and

quickly at rates that would otherwise see the destruction of the same dense composites.

The structure is highly porous, strong and incorporates a void fraction that is articulated
in three dimensions, the volume of which is predictable as a function of composition and
maximum sintering temperature. The structure’s properties may be varied to satisfy
specific requirements, such as void-fraction volume, permeability, maximum strength and
density, either through choice of constituent-materials ratios or maximum sintering

temperature, or by the choice of variables from each.
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Coal Combustion Products

Coal-burning powerplants, which
supply more than half of U.S. electricity,
also generate coal combustion products,
which can be both a resource and a
disposal problem. The U.S. Geological
Survey collaborates with the American
Coal Ash Association in preparing its
annual report on coal combustion prod-
ucts (Kalyoncu, 2000). This Fact Sheet
answers questions about present and
potential uses of coal combustion
products.

What are coal combustion products?

Coal combustion products (CCP’s)
are the inorganic residues that remain
after pulverized coal is burned. Coarse
particles (bottom ash and boiler slag)
settle to the bottom of the combustion
chamber), and the fine portion (fly ash,
fig. 1) is removed from the flue gas by
clectrostatic precipitators or other gas-
scrubbing systems.

Because of concerns about air
quality and acid rain, the U.S. Congress
passed the Clean Air Act Amendments of
1990 (Public Law 101-549), which
included stringent restrictions on sulfur

oxide emissions. Most electric utilities in
the Eastern and Midwestern States use
bituminous coal having high sulfur
contents of 2-3.5 percent. In order to
meet the emission standards, many
utilities have installed flue-gas-desulfur-
ization (FGD) equipment. The FGD
products are included in coal combustion
products. The components of CCP’s are
as follows: fly ash, 57 percent; FGD
products, 24 percent; bottom ash, 16
percent; and boiler slag, 3 percent.

What is flue gas desulfurization?

Flue gas desulfurization is a chemi-
cal process to remove sulfur oxides from
the flue gas at coal-burning powerplants.
Many FGD methods have been devel-
oped to varying stages of applicability
(Radian Corp., 1983). Their goal is to
chemically combine the sulfur gases
released in coal combustion by reacting
them with a sorbent, such as limestone
(calcium carbonate, CaCO,), lime
(calcium oxide, CaO), or ammonia
(NH,). Of the FGD systems in the United
States, 90 percent use limestone or lime
as the sorbent (fig. 2). As the flue gas

Figure 1. Fly ash from powerplants contains tiny
ceramic spheres, typically ranging in diameter from 5
to 75 micrometers, which are called cenospheres; they
have many uses. Scanning electron photomicrograph
from the American Coal Ash Association.

comes in contact with the slurry of
calcium salts, sulfur dioxide (SOE) reacts
with the calcium to form hydrous
calcium sulfate (CaSO,-2H,0, gypsum).

What quantities of CCP’s are
generated?

About 100 million metric tons (Mt)
of CCP’s are generated annually by U.S.
coal-burning electric utilities.

Coal

Gas (mainly CO, + H,0 + SO, + NO,)

Ca0 or CaCO,

Gas
(H,0 + CO, + NO,)

Water —pi
Boiler

Gas + Fly ash

Electrostatic precipitator

Y
Boiler slag

or baghouse

Scrubber

A

Fly ash

FGD material
(synthetic gypsum)

Figure 2. Flow diagram of the flue-gas-desulfurization process based on lime (Ca0) or limestone (CaC0,, which are the sorbents used by 90 percent of FGD systems in the

United States.

U.S. Department of the Interior
U.S. Geological Survey

USGS Fact Sheet FS-076-01
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Figure 3. Amounts of coal combustion products used in the United States, 1995-99. Data from the American

Coal Ash Association.

What are the uses for CCP’s?

In the United States in 1999, approx-
imately 30 percent of CCP’s were used
rather than discarded. The use of CCP’s
has increased over the years and reached
30 Mt in 1999 (fig. 3). Fly ash is the most
used CCP; in 1999, it made up about 64
percent of the total CCP’s used (fig. 4).
CCP’s are used, in decreasing tonnage. in
cement and concrete, structural fill, road
bases, agriculture, and other applications.
Components of CCP’s have different
chemical and physical properties that
make them suitable for different applica-
tions (Kalyoncu, 2000):

* About 57 Mt of fly ash was produced
in 1999, and about 19 Mt was used.
The main uses were in concrete,
structural fill, and waste stabilization.

» About 15 Mt of bottom ash was
produced in 1999, and about 5 Mt was
used. The main uses were in structural
fill, snow and ice control, road bases,
and concrete.

* About 22 Mt of FGD material was
produced in 1999, and about 4 Mt was
used, mostly in wallboard manufacture.

* About 2.6 Mt of boiler slag was
produced in 1999, and about 2.1 Mt
was used, predominantly in blasting
grit and roofing applications.

What structural applications use fly
ash? A

Fly ash is added to cement and
concrete and is used in many large-scale
construction projects. Fly ash is a vital

component in high-strength concrete in
buildings that grace the skylines of major
U.S. cities. Fly ash concrete is used in the
decks and piers of many highway
bridges. Concrete pavements containing
fly ash are very durable and cost effec-
tive. Between 1950 and 1970, concrete
with fly ash contents as high as 50
percent was used in an estimated 100
major dam construction projects. In the
construction of Hungry Horse Dam in
1953, for example, 120,000 metric tons
of fly ash were used (fig. 5).

What are the benefits of using CCP’s
in all applications?

Use of CCP's offers significant
environmental and economic benefits.
Their long history of successful applica-
tions attests to the environmental

acceptability of CCP's. When CCP’s are
used, natural resources can last longer
and mining costs can be reduced. In
1999, the productive use of 30 Mt of
CCP's saved $620 million in disposal
costs and about 350 acres of landfill
space and generated $150 million in
sales, bringing total benefits to $770
million.

...in cement and concrete?

The largest use of CCP’s (mostly fly
ash) is in cement and concrete. The
CCP’s displace portland cement and
significantly reduce emissions of carbon
dioxide (CO,), a greenhouse gas that may
be associated with global warming.
Portland cement manufacture requires the
burning of fossil fuels and decomposition
of carbonates, which release large
amounts of carbon dioxide into the
atmosphere. Use of CCP’s can potentially
reduce carbon dioxide emissions by 10~
14 Mt annually. In 1998, 10.5 Mt of fly
ash was used in cement and concrete,
replacing 7 Mt of portland cement and
thereby reducing carbon dioxide emis-
sions by 7 Mt.

...in mine reclamation?

Large cavities left by underground
mining make the ground susceptible to
subsidence. Acid water draining from
some underground mines reaches surface
streams and lowers the pH, causing
serious ecological damage. Demonstra-
tion projects have shown that injection of
alkaline CCP’s into abandoned mines can

FGD material
13%

Boiler slag
7%

Bottom ash
16%

Figure 4. Coal combustion product use by type in the United States, 1989. Data from the American Coal Ash

Association.



help control subsidence and abate acid
mine drainage.

... in wallboard manufacture?

In 1999, about 2.8 Mt of synthetic
gypsum produced as FGD material by
electric utilities went into wallboard
manufacture. The synthetic gypsum
meets and often exceeds the specifica-
tions for wallboard manufacture. Some
wallboard plants that will use 100 percent
synthetic gypsum are being built and
some have started production (Drake,
1997: Olson, 2000). In 1999, synthetic
gypsum accounted for about 17 percent
of the total gypsum used in wallboard
manufacture, and this figure is expected
to increase.

How can cenospheres in fly ash be used?

Fly ash contains tiny, hollow, partic-
ulate ceramic spheres, typically ranging
in diameter from 5 to 75 micrometers,
which are called cenospheres (fig. 1).
They exhibit some unique properties,
such as high energy absorption, which
results in protection against electromag-
netic interference. They are used as fillers
in composite materials, in insulations,
and in paints. A potential application of
cenospheres is as heat-reflecting coatings
for rooftops. Widespread use of such
coatings could lower average city
temperatures in summer and reduce the
need for air conditioning.

How can ammonium sulfate FGD’s be
used in agriculture?

A flue-gas-desulfurization method
popular in Europe uses ammonia (NH,)
as the sorbent; the FGD product is
ammonium sulfate ((NH,),SO,). Sulfate
is the preferred form of sulfur readily
assimilated by crops, and ammonium
sulfate is the ideal sulfate compound for
soil supplements because it also provides
nitrogen from the ammonium. The use of
ammonium sulfate in large-scale fertilizer
formulations has been growing gradually.
This growth provides a market for FGD
products and could make FGD processes
based on ammonla attractive alternatives
to the processes based on lime and
limestone.

The estimated worldwide annual
shortage of almost 11 Mt of elemental

Figure 5. Hungry Horse Dam, Montana, is a thick-arch structure that was built between 1948 and 1953 with
concrete containing 120,000 metric tons of fly ash. The use of coal fly ash in cement and concrete displaces
portland cement. Photograph from the U.S. Bureau of Reclamation.

sulfur for agricultural applications could
be supplied by 45 Mt of ammonium
sulfate (Ellison, 1999). This much FGD
product could result from 170,000
megawatt-hours (MWh) of electricity
production if plants burned coal contain-
ing 2.5-3 percent sulfur. A relatively
large powerplant generates 1,000 MWh
of electricity per year. Thus, 170 large
powerplants burning high-sulfur coal and
using FGD methods based on ammonia
could produce the amount of ammonium
sulfate needed for proper plant nutrition.

What research is being done?

Recent environmental regulations
have forced electric utilities to use low-
NO, bumers (“low-NO," is a designation
for burners that greatly reduce nitrogen
oxide emissions). These burners leave
some coal unburned, which leads to
higher free carbon contents in fly ash and
makes the ash unsuitable for use in
cement and concrete applications. Many
powerplants that previously could earn
revenue from selling the fly ash have had
to pay for its disposal. However, a novel
technology, developed at Pennsylvania
State University, can separate the
unburned coal from the fly ash and may
soon eliminate this problem. Moreover,
the coal from the separation process is

activated under steam at 850°C and can
be used in water and gas purification.
Utilities will continue to look for
pollution-prevention technologies that
will yield smaller quantities of FGD
products that will be purer and have
higher value than those presently pro-
duced. An example is the Basin Electric
Cooperative’s Dakota Gasification plant
in Beulah, N. Dak., where a wet ammo-
nia-based FGD process is used for SO,
removal in combustion of otherwise
unsalable fuels derived from gasification
of lignite. The resulting ammonium
sulfate is sold and used as a sulfur
blending stock in fertilizer production.
Research efforts to find new applica-
tions and increase the use of CCP’s
continue. Researchers at the University of
Southern Illinois at Carbondale are
working on the design for utility poles
made of CCP’s and organic binders. The
researchers expect that the final product
will be comparable to or even superior to
the traditional creosote-coated wooden
poles. In addition to eliminating the need
for weatherproofing with creosote, which
pollutes rainwater runoff, the CCP poles
would be fireproof and termiteproof,
would be cheaper to install, and would be
more resistant to damage by humans and
animals. [t is estimated that 250,000
poles averaging 30-40 feet (9-12 meters)



in height and another million poles 15-30
feet (4.5-9 meters) in height are used
annually in the Midwestern United States
alone. Replacing wooden poles with CCP
poles could double the use of fly ash
while sparing millions of trees annually.

What are the barriers to CCP use?

There are many technical, economic,
regulatory, and institutional barriers to
increased use of CCP’s. A lack of
standards and guidelines for specific
applications heads the list of technical
barriers. Transportation costs lead the
economic barriers, which limit the
shipment of CCP’s to within about a 50-
mile (80-kilometer) radius of the
powerplants.

The industry’s ability to recycle
CCP’s may be limited by more restrictive
environmental controls. In April 2000,
the U.S. Environmental Protection
Agency (EPA) stated that the use of
CCP’s does not warrant regulatory
oversight but left the door open to stricter
regulation of CCP's in the future. A few
weeks later, the EPA nearly issued a
ruling that would have classified CCP’s
as hazardous wastes under the Resource
Conservation and Recovery Act (RCRA).
In May 2000, the EPA reaffirmed its
position that CCP’s are nonhazardous.

Environmental regulation may also
lead to the generation of lower quality,
less usable CCP’s. As mentioned above,
the required use of low-NO, burners has
resulted in fly ash having an unburned
coal content that makes it unsuitable for
concrete; until new technologies are
applied, this fly ash must be used in other
products or disposed of.

Other barriers to CCP use are the
RCRA designation of CCP’s as solid
wastes, regardless of their composition,

even when they are used as resources
rather than disposed of; the lack of
governmental incentive; and the lack of
education among the user groups
(engineers, contractors, and regulators).

With industry and government
cooperation, steps toward increasing CCP
use can include (1) establishing a
research and development infrastructure
to address the technical barriers to CCP
use and to design innovative FGD
methods and (2) providing objective
scientific information.

What is the bottom line?

Coal combustion products have
many economic and environmentally safe
uses. For example, in construction, a
metric ton of fly ash used in cement and
concrete can save the equivalent of a
barrel of oil and can reduce carbon
dioxide releases that may affect global
warming. The use of CCP’s saves landfill
space. CCP’s can replace clay, sand,
limestone, gravel, and natural gypsum,
thus preserving the Nation’s natural
resources and helping to save energy and
other costs associated with mining.

References Cited

Drake, Robert, 1997, Wallboard plants to
use 100% synthetic gypsum: Rock
Products, v. 100, no. 8, p. 7.

Ellison, William, 1999, Update on major
commercial advancements by
ammonia FGD: International
Technical Conference on Coal
Utilization and Fuel Systems, 24th,
Clearwater, Fla., March 8-11, 1999,
Proceedings Preprint.

Kalyoncu, R.S. [2000], Coal combustion
products: U.S. Geological Survey
Minerals Yearbook 1999, v. 1,

available online at http://
minerals.usgs.gov/minerals/pubs/
commodity/coal/874499.pdf.

Olson, D.W. [2000], Gypsum: U.S.
Geological Survey Minerals Year-
book 1999, v. 1. available online at
http://minerals.usgs.gov/minerals/
pubs/commodity/gypsum/
320499.pdf.

Radian Corporation, 1983, The evalua-
tion and status of the flue gas
desulfurization systems, Research
Project 982-28: Austin, Tex., Final
Report, 631 p.

For more information, please contact:

Rustu S. Kalyoncu

Coal Combustion Products
Commodity Specialist

U.S. Geological Survey

983 National Center

Reston, VA 20192

Telephone: (703) 648-7720

Fax: (703) 648-7722

E-mail: rkayonc@usgs.gov

Donald W. Olson

Gypsum Commodity Specialist

U.S. Geological Survey

983 National Center

Reston, VA 20192

Telephone: (703) 648-7721

Fax: (703) 648-7722

E-mail: dolson@usgs.gov

Web site:
http://minerals.usgs.gov/minerals

Executive Director

American Coal Ash Association
6940 South Kings Highway
Alexandria, VA 22310
Telephone: (703) 317-2400
Fax: (703) 317-2409

Web site: www.acaa-usa.org



Appendix 2

E-SPHERES SPECIFICATIONS

(-‘/’
GRADE - SL500
% Retained in Range
Microns ko (Typical)
Above 500 0-10
250 - 500 80 — 100
Below 250 0-10
Typical Physical Properties
Bulk Density 0.32-0.42 glcc
Relative Density 0.80 —0.90 g/cc
Moisture Content (maximum) 0.3%
Floaters % by volume (mimimum) 96 %

NB  Moisture level quoted is that at time of dispatch from factory. Moisture level
may be subject to variation depending on atmospheric conditions at point of
usage.

S-SL500.doc

Effective 01.04.2002

Envirospheres Pty Ltd  ACN 077 898 849
PO Box 497 Lindfield NSW 2070 Australia Tel: + 61 (0)2 9416 5644 Fax: + 61 (0)2 9416 1718 Email: enviros@envirospheres.com.au
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Page 1 of 2

E-SPHERES MSDS

MATERIAL SAFETY DATA SHEET

| PRODUCT NAME |

£ - SPHERES

Not classified as hazardous according to criteria of Worksafe Australia.

| COMPANY DETAILS |

Company Name:
Address:
Telephone, Fax:
E-mail:

Envirospheres Pty Ltd (ACN 077 898 849)
PO Box 497 Lindfield NSW 2070 Australia

Date of Issue: July 1999

Telephone + 61 (0)2 9416 5644 Fax + 61 (0)2 9416 1718

enviros(@envirospheres.com.au

| IDENTIFICATION |

Product Name:

E-SPHERES

Manufacturer’s Product Code: SL Series, BL Series

UN Number:

None allocated

DG Classification: None allocated

Hazchem Code:

None allocated

Poisons Schedule Number: None allocated

Product Use:

Physical Data

Lightweight inert filler

and Other Properties

Appearance: SL Series: fine white powder, no odour. BL Series: fine grey/tan powder, no odour.
Specific Gravity: 0.6 - 0.8g/cc

Melting Point: 1600° - 1800°C Flash Point: N/A

Boiling Point: N/A Flammability Limits:  N/A

Vapour Pressure: N/A Solubility in Water: Insoluble

Ingredients

Hollow spheres of fused alumino silicate (CAS 68131-74-8) containing the following inseparable

phases :

Chemical Name CAS Number
Amorphous alumino silicate 1327-36-2
Mullite 1202-93-8
Quartz 14808-60-7
Calcite 1317-65-3

[HEALTH HAZARD INFORMATION |

Acute Health Effects

Swallowed:
Eye:

Skin:
Inhalation:

If ingested in sufficient quantity may cause temporary gastric irritation.

Proportion
65 - 80%
25-35%
0-1%
0-1%

Physical irritation. Abrasive action may cause damage to outer surface of the eye.

May cause irritation and inflammation due to defatting or mechanical action.

Irritation to nose, throat and upper respiratory tract.

Chronic Health Effects: None expected, refer Other Information

General/MSDS DOC
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E-SPHERES MSDS

First Aid

Swallowed: Drink water do not induce vomiting.

Eye: Flush'continuously with water for 15 minutes, Eyelids to be held open, do not rub eyes.

Skin: If skin becomes irritated remove clothing wash areas of contact with soap and water. Using a
skin cream or lotion may be helpful in reducing irritation..

Inhalation: Remove exposed person to fresh air.

Advice to Doctor: Treat symptomatically for irritant effects.

| PRECAUTIONS FOR USE |

Exposure Standards: 10 mg/m® Dust Not Otherwise Classified (inspirable dust) , (NOHSC 1995)
10 mg/m’ particulates Not Otherwise Classified (inhalable dust), (ACGIH)

Engineering Controls: Where possible use local exhaust ventilation.
Personal Protection Equipment:
Where overhead work is involved, goggles and head covering should be worn; and
A half-face (P1 or P2) respirator should be worn during work in poorly ventilated spaces, or

where evidence suggests that inspirable dust levels may exceed 10 mg/m®.

All respiratory devices should be tested for compliance with AS/NZS 1715 & AS/NZS 1716
or local equivalent standard.

Flammability: Non flammable

[ SAFE HANDLING INFORMATION |

Storage and Transport: Keep dry. No special storage or transport requirements.

Spills: Shovel up bulk, use vacuum cleaner to clean up residues.

Waste Disposal: Waste should be placed in containers, plastic bags or other methods which prevent
dust emission, and disposed of in accordance with the local waste disposal authority
requirements.

Fire/Explosion hazard: Not flammable and not explosive

[ OTHER INFORMATION |

E-SPHERES consist of amorphous and poorly crystalline alumino silicates with a very low crystalline silica
content. They are inert and do not leach detectable levels of heavy metals. In line with evidence from other
naturally occurring non-fibrous alumino silicates, if dust exposures are kept below the exposure standard, no
long term health or toxic effects such as pneumoconiosis or cancer are expected.

Reference: Replaces MSDS of September 1998.

CONTACT

POINT
During Business Hours Telephone: Technical Manager (02) 9416 5644
Emergency After Hours Contact: Technical Manager (02) 9416 5644 voice mail

\

General/MSDS DOC
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s Particle & Surface Sciehces Py, Limated

}'0 Box 1926 Gesferd NSW Awsiraliz 2250 Tel: 61 243 237822 Fax: 61 243 237629

G et

PsS Applications i-aégoratory W /

Satum DigiSizer 5200 V1.06 Satum DigiSizer 5200 V1.06 Serigi Number 127 Page 1

Sample: 494 /
Operator: CM e

Submitter: ANU
File: C:\5200\DATA\L131\000-339.SMP

Test Number: Avg of 3 Model: Fraunhofer, 1.331
Analyzed: 8/1/02 11:08:35AM Material: Fraunhofer / Water
Reported: 8/1/02 3:31:06PM Background: Water Rl 1.331

Background: 8/1/02 10:18:48AM Smoothing: Medium

Combined Report

Volume Frequency vs. Diameter

E®E Volume Frequency Percent
Cumulative Finar Volu 3

S

Volume Frequency Percent

Particle Diameter (um)

Summary Report

Analysis Conditions

FlowRate: 12.0 I/m Ultrasonic intensity: Not Used
Circulation time: 120 sec Ultrasonic time: Not Used

Sample

Sample Concentration: 0.0116 %
Obscuration: 18.1 %

Volume Distribution Arithmetic Statistics

Std Dev of 3
Mean 5.091 0.035 Mode 3.774
Median 3.566 0.047 Std. Dev. 4.560
Coef. Var. 0.896 Skewness 1.660
Kurtosis 2.936
Peaks
i % of Dist. Mean : Median
Peak % Std Dev of 3 Std Dev of 3 Std Dev of 3
Number of Dist.* Mean Med1an
;S 100 0 0.0 5.091 0.035 3 566 0.047

* Peaks must comprise at least 5.00 % of the distribution.

100

JU9DIed BWNIOA JBuUi4 BAREINWND

Std Dev of 3
0.217

Mode
3 774



Appendix 5

ECKALITE 1, 2 and 120

ECKALITE 1, 2 and 120 are high quality
water washed china clays with controlled colour
and particle size distribution.

PHYSICAL PROPERTIES ECKALITE1 ECKALITE2 ECKALITE 120

Brightness (ISO457nm) 84.0+1.0 80.0+£1.0
W1t% +53 Micron 0.05 max 0.05 max
Wt% +10 Micron 1.0 max 7.0.x=2.0
Wit% -2 Micron 87.0+3.0 T30+ 30
Moisture Content (Wt %) (when packed)

- Powder 1.0 max 1.0 max

- Pellet 10.0.£20 H0:0 2:0
pH 5005 501005

Typical Properties

Specific gravity 26 26
Surface Area (BET;m?/g) 18 16
Oil Absorption (g/100g) 50 45

Mineralogical Analysis (%)

Kaolinite 99 98
Mica 1 1
Quartz trace 1

CHEMICAL ANALYSIS
(by X-ray Fluorescence) (%)

SiO; 46 47

AlLO3 38 38

Fe O3 0.60 0.75
TiO, 0.70 0.80
CaO 0.05 0.05
MgO 0.07 0.08
K20 0.14 0.16
Na,O 0.10 012

Loss on Ignition (1000°C) 14.0 187

80.0+1.0
1.0 max

20 (Typical)
55 (Typical)

1.0 max
100420
H o0

2.6
18
44

49

0.83
0.72
0.05
0.08
{).25
0.10

13.0




ECKALITE 1, 2 and 120

Typical Particle Size Distribution
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%S Particle & Surface Sciences Pty Limited

PO Bex 1926 Gesferd NSY? Awsiraliz 2250 Tel: 6} 242 237822 Fax: 61/2W i

’
e i
PsS Applications Labor({tory
Saturn DigiSizer 5200 V1.06 Saturn DigiSizer 5200 V1.06 Serial Nuftber 127 - Page 1
Sample: 495
Operator: CM
Submitter: ANU
File: C:\5200\DATA\L131\000-340.SMP
Test Number: Avg of 3 Model: Fraunhofer, 1.331
Analyzed: 8/1/02 12:12:32PM Material: Fraunhofer / Water
Reported: 8/1/02 3:31:09PM Background: Water RI 1.331
Background: 8/1/02 2:04:31PM Smoothing: Medium

Volume Frequency Percent

Mean
Median
Coef. Var.
Kurtosis

Peak

i

NHEWN -

Number

Combined Report

Volume Frequency vs. Diameter

EEE Volume Frequency Percen

/

wiativa Finer Volume F

—100

e 10

10
Particle Diameter (pm)

Summary Report

Analysis Conditions
FlowRate: 12.0 Um Ultrasonic intensity: Not Used
Circulation time: 120 sec Ultrasonic time: Not Used
Sample
Sample Concentration: 0.0297 %
Obscuration: 13.9 %

Volume Distribution Arithmetic Statistics

Std Dev of 3
18.75 0.144 Mode al72
11.05 0.056 Std. Dev. 20.09
1.071 Skewness 1.764
3.310
Peaks
% of Dist. Mean . Median
% Std Dev of 3 Std Dev of 3 Std Dev of 3
of Dist.* Mean Median
5.2 0.3 1.031 0.017 1.018 0.012
7.8 0.1 1.813 0.018 1.804 0.017
25.0 0.9 4.434 0.070 4.322 0.045
28.6 1.9 1257 0.054 12.06 0.021
33.3 0.8 41.54 0.772 35.89 0.799

* Peaks must comprise at least 5.00 % of the distribution.

500

Std Dev of 3
0.000

Mode

1.003
1.784
5.870
16.84
31.72

Jusdiad SWN{OA Jaul4 BAjlB|INWND



TALKER CERAtuic &

FRE

FRITS ANALYSIS CHART

Frit Description MELTING USES CaO Na20 K20 ZnO BaO PbO AIRO3 Si02 B203 Zro2 M’ol
No. TEMPERATURE 3 i
A High alkaline 900 - 1060 °C Raku glazes | 0.14 0.66 0.20 0.29 2.96 0.67 FZ 329
leadless frit. Useful for 0.40
Raku glazes. Can be
5301 | used for thermal
4194 | expansion in small
amounts without
affecting the glaze
adversely
3110 | Leadless, soft sodium 1000 -1060°C Copper blue | 0.29 0.61 0.07 0.02 2.86 0.09 280
4110 | borosilicate frit. High and
| expansion manganese |
} purple i
l glazes. For |
| crackles
| 4124 | Leadless, calcium 1040 -1100°C 0.68 0.29 0.04 0.16 2.58 0.54 266
3124 | borosilicate frit.
4113 | Hard leadless clear 1040 -1100°C General 0.60 0.27 0.13 U35 3.50 0.63 353
4712 | borosilicate frit. purpose for
| developing
{ strong
! colours
3134 | Lead free calcium 1040 -1100°C Special 0.68 @22 0.07 200 0.63 229
or borosilicate frit. effects: raku
4508 ; glazes
4108
3271 | A Lead free calclum frit | 1040 -1100°C Lead free 0.486 | 0.514 2.25 0.768 248
4171 borosilicate frit calclum
i borosllicate
frit
| 4064 | A standard low 1.00 0.085 1.95 349
| 3464 | solubility ‘lead
{ bisilaicate’ frit.
[ 938 Clear, hard barium 1040-1100°C Not for use 0.51 0.19 0.10 0.10 0.10 0.20 2.86 0.62 308
| 3193 | borosilicate leadless over
{ frit underglaze
|

colours

/ Xipuaddy



Appendix 8

B5-FEB-02 11:34
i 2

FROM: SIMCOR OPS MARKETING BBITBRETST TO: 461 2 6125 0O5k6 PRGE: 09

Specification:

Silica Fume

Microsilica
| Pty Ltd

ACN 009 280 715

Source of SilicaAFume

Condensed silica fume (CSF) is produced by
filtering the off gasses from a silicon furnace. All
silica fume supplied by Microsilica Pty Ltd is
produced by Simcoa Operations Pty Ltd. at its
silicon smelter located at Bunbury Westem
Australia.

This specification details the properties of each
and indicates where they can be used.

International Standards

Internationally complies with CSA-A23.5-MB6.
Product supplied to Australia and New Zealand
complies with AS3582.3 1994. A test certificate
is issued with each order.

Australian Canadian
Standard Standard

135823 1994 | A23.5-M86

Quality Assurance

Simcoa Operations Pty Ltd, the company

' responsible for quality assurance is accredited to

quality standards AS3802 and [SOS002.
Chemical Data

99% Confidence Limlts / Typical Levels

The data below represents the max or min
values at a 99% confidence level, It is derived
from the mean value + 3 standard deviations,

The typical level is shown in the adjacent column

Baich Cenlrol Limits

LOI <6% <6%
Bag Weight Yes Yes
Plant Cunlrol Limils

Plant Type

SO, <3% | <1%
Sio, >85%
Chloride lon Report NA
Soundness Exp/Cont NA <0.2%
H,0 <2% <3%
Retained 45um NA <10%
Relative Density Report NA
Variation Avg Density NA <5%
Variation Avg Fineness NA <5%

Relative Strength (Accel
Pozz. Index)

Relalive Water Req. Report NA
Bulk Density Report NA

Report >85%

99% Typical
Confidence Level

level
SiO; min S0% 94%
Fe,0, max 0.2% 0.1%
Al,O, max 0.5% 0.2%
TiO, max 0.1% 0.1%
Na,0 max 0.1% 0.1%
K,O max 0.8% 0.3%
MgO max 0.7% 0.2%
SO, max 0.1% 0.1%
Ca0 max 0.3% 0.3%
P,05 max 0.3% 0.1%
LOl max. 6.0% 4.0%
Ph - -
m?/g 22
Colour Light grey Light grey
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%S Particle & Surface Sciences Pty Lumr&ed

PO Box 1926 Gesford NSW Awstralia 2257 Tel: 61 243 237822 Fax: 61 243 237629

PsS Appiications Laboratory
Saturn DigiSizer 5200 V1.06 Saturn DigiSizer 5200 V1.06 Serial Num

Sample: 545

Operator: CM

Submitter: ANU
File: C:\5200\DATA\L131\000-395.SMP

Test Number: Avg of 3
Analyzed: 9/2/02 3:14:26PM
Reported: 9/2/02 3:27:57PM

Combined Report

ber 108

Volume Frequency vs. Diameter

= Volume F requency Percent
Curnuiaiive Finer Volume Percent

Page 1

Model: Fraunhofer, 1.331
Material: Fraunhofer / Water
Background: Water Rl 1.331
Background: 9/2/02 3:02:25PM Smoothing: High

T

Volume Frequency Percent

Particle Diameter (um)

Summary Report

Analysis Conditions

——-100

FlowRate: 12.0 I/m Ultrasonic intensity: Not Used

Circulation time: 120 sec

Sample

Sample Concentration: 0.2175 %
Obscuration: 16.4 %

Volume Distribution Arithmetic Statistics

Std Dev of 3
Mean 90.24 0.899 Mode
Median 90.20 0.900 Std. Dev.
Coef. Var. 0.482 Skewness
Kurtosis -0.039
Peaks
% of Dist. Mean
Peak % Std Dev of 3 Std Dev of 3
Number of Dist.* Mean
(B 99.0 0.1 91 14 0.849

* Peaks must comprise at least 5.00 % of the distribution.

Medlan

Ultrasonic time: Not Used

Std Dev of 3

99.70 0.000
43.50

0.184
Median

Std Dev of 3
Mode

0.865 99 70

JuBdied SWN|OA JBUld BAlEINWND
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Appendix 11

Scanning Laser Dilatometer

This equipment has been developed at ANSTO for studying the densification
behaviour of Synroc and other ceramic materials

The Scanning Laser Dilatometer can be used for:

¢ Measurement of thermal expansion coefficients of ceramics, metals and composites
* Monitoring of sintering shrinkage against time and temperature.
* Rate controlled sintering of powder compacts.

Advantages of this system:

* Can monitor the dimensions of 8 samples simultaneously.
* Large samples and components up to 250mm can be monitored.
* Non-contact dimension measurement by laser (no push rods required).

The scanning laser dilatometer consists of three components:

¢ Air Furnace - MODUTEMP, WA) A silicon carbide element furnace with
fibreboard insulation. Maximum operating temperature of 1550°C. Working zone
of 400 x 400 x 400mm. Silica glass windows located in the doors on either side of
the air furnace allow a scanning laser beam to be transmitted through and detected
on the opposite side of the furnace.

* Vacuum Furnace - (IONEX, USA) A graphite element furnace with graphite
fibreboard and grafoil insulation. Samples can be monitored in vacuum or in
argon, nitrogen or special gas atmospheres. Working zone of 400 x 400 x 400mm.

¢ Laser Dimension Sensors -

(Z-Mike, USA) Laser

Receivers ,b

Samples placed within the
scanning laser beam create
shadows. The detector
component of the laser
sensors detect the shadows.

Dual sensors allow either;

a single large sample (up to
250mm*long) to be monitored;
or, simultaneous monitoring

of up to 8§ samples. B s e SRR R Y L)

Samples
. Laser\

1
l
|
Transmitters i
I

For further information contact:

Australian Nuclear Science & Technology Organisation
Communications, PMB 1, Menai, NSW 2234

Phone: (02) 9717 3111 Fax: (02) 9717 9274

Email: Communications@ansto.gov.au

Internat hama name at b/ funac ancta mmvs e
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Dimensions
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further information on the Scanning Laser Dilatometer system please contact:
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Appendix 14

DERAKANE 411-350 Epoxy Viny! Ester Resin

November 2004

The Industry DERAKANE 411-350 epoxy vinyl ester resin is based on bisphenol-A epoxy
S!andard fuvr Epoxy resin and has become an "industry standard” due to ils wide range of end-
Vinyl Ester Resin use applications and ability to be used in a wide range of fabrication

techniques. DERAKANE 411-350 resin provides resistance lo 2 wide range
of acids, alkalis, bleaches, and organic compounds for use in many chemical
processing industry applications.

Typical Liquid Property‘” Value
Resin Properties Density, 25°CI77°F 1.046 g/mL

Dynamic Viscosity, 25°C/77°F 370 mPa-s

Kinematic Viscosity 350 cSt

Styrene Content 45% P :

Shelf Life™', Dark, 25°C/77°F 7 months

1 Typical properiy values only, not 1o be construcd as | ications

{2 z additives, pramater s eto added. Shell fife

nufesture

Applications and » FRP storage tanks, vessels, ducts, and on-site maintenance projects,
e particularly in chemical processing and pulp and paper operatior:s.
Techniques « The resin is designed for 2ase of fabrication using hand lay-up, spray-up.

filament winding, compression melding and resin transfer molding technigues
pultrusion and moelded gratling applications
An alternate viscosity, optimized for some vacuum infusion processes, is
available as DERAKANE MOMENTUM 411-100 resin.

» An alternate for low styrene (HAP) content is available as DERAKANE 441 -
400 resin.

Renefits « Provides resistance o wide range of acids, alkalis, bleaches, and
solvents. This resin holds up in corrosive envirenments, postponing the
need for equipment replacement.

« Tolerates heavy design loads without causing failure due to resin damage.
This facilitates working with large weight-bearing equipment with
confidence.

e Superior elongation and toughness provides FRP equipment with better
impact resistance and less cracking due to cyclic temperature. pressure
fluctuations, and mechanical shocks providing a safety factor against
damage during process upsets or during shipping installation.

s When properly formulated and cured, complies with FDA regulation 21
CFR 177.2420, covering materials intended for repeatad use in conlact
with food.

¥ us cyoluticn of
© o soluiions promate healli
ental protection sround the world 2002, 2004

sresented heren gre believed to be accurate an 3 @ guarantes. express ~d='a')l» or implied vaarranty of merchantabitity
w,m exp'f— s or implied for ey are offered a;'e‘y consideralic stigation ang
A 35ib f this product anty that any euch u nd are ol

‘.-e-f of patert infing




DERAKANE® Epox

Gel Time Formuiations The following table provides typical gel times for MEKP. "Starling pont”
formulations for MEKP, non-foaming MEKP aliernatives, and BPO peroxides are

avallable in separate product bulietins. These and other information are available

al

TEHP Gel Tinie Tabie
and Cobalt Napthenate-6%°

Typical Gel Times ™’ Using NORGX' MEKP -925H"

Temperature 15 +/-5 Minutes

30 +/-10 Minutes

1.5 phr T MEKP
0.30 phr CoNapbt”

18°6159°F

1.5 phr MEKP
0.30 phr CoNap6

60 +-15Minutes
1.25 phr MEKP
.30 phr CoNapb%

0.20 phr DMA 0.05 phr DMA 0.05 phr DIMA
0.04 phr 2,4-P
20°CI6BF 1.5 phr MEKP 1.5 phr MEKP 1.5 phr MEKP
(.30 phr CoNapt% 0.30 phr CoMan&a (.30 phr CoNap67%
0.10 phr DMA 0.05 phr DMA 0.05 phr DMA
0.08 phr 2,4-P 0.06 ohr 2,4.P

25 CHI°F 1.25 phr MEKP 1.25 phr MEKP 1.5 phr MEKP
0.20 phr CoNap6% 0.20 phr CoNap6% 0.20 phr CoNap6%
0.05 phr DMA 0.02 phr 2,4-P Q.05 phr 2.4-P

30°C/86°F 1.0 phr MEKP 1.25 phr MEKP 1.25 phr MEKP

0.20 phr CoMNap6%s
0.02 phr DMA

0.20 phr CoNap6%
0.04 phr 2,4-P

0.20 phr CoNap6?
0.08 phr 2.4-P

35°C/95 F 1.0 ohi MERE
0.20 par CoNap6%
0.02 phr 2.4-P

1.0 phr MEKP
(.20 phr CoNap&
0.05 phi 2.4-P

1.0 pnr MEKP
(.20 phr CoNap6%

0.08 phr 2'4"3,

(3)  Thoroughly test any other matzriais in your apphzation bofore full-scale use  Gel imes msy vary dus to

the reactive
24y Roagwiterad b

demark of Mosac los

ROX MEKP-925H Methylethyl
MEKP. Coball Nupthensle
. Use of other MEKP or other additives may n

nalure of these products  Always test 2 small quaniity before formulzting large quantities

ult in different gel nme results

i) Use of zobalt octoate, aspedally in combination with 2,4-P can result in 20-50% slower gel times.
(7 Phr=parts per bundred rasin molding compoaund

Casting Properties

Typical Properties:” of Postcured® Resin Clear Casiing

Property si

US Standard

Test Method

Tensite Strength

26 MPa

12,200 psi

ASTM D-628480 527

Tensile Modulus 3.2 GPa 4.6 10 psi ASTM D-638/1S0 527
Tensile Elongation, Yield 56% 5-6% ASTM D-G38NSO 527
Flexural Strength 150 MPa 22,000 p= ASTM D-780/1S0 1768
Fleyural Modulus 3.4 GFa 4.3 x 10 psi ASTM D-730A8G 178

Density 1.14 glem3 ASTM D-7921501183
Volume Shnnkage 71.8% 7.8%

Heat Distortion |emperalure’ 105°C 220°F ASTM D-648 Method AISO 75
Glass Transition Temperature, 192 120°C 250°F ASTM D-3418/1SO 11358-2
Barcol Hardness 3 35 ASTM D-2583/ENS3

(1)  Typical propenty values only. not to be construed as specifications St values reported ta two significant figures

US standard values based on conversion

B} Cure schedule: 24 heurs 3t room temperature: 2 hours 2t 120 C 1250 F)

@) Mavimum stress. 1 8B MPa 1204 psi)

‘ »
N stafements information and duta presented herein are belz:vg:.: {0 be accurate and reliabie bul are not to be taken 45
or fitness for & particular purpose, of representation, express orim ed. for which selier

venificaiion. Staterne:
recommencations 10 infringe on any patent

5 or suggestions canoeming possiblz use of Vie product 2re made without representation or werrar

guatantee. express
raspansibilty, and they are offered salely
1ty that any such wse is fres of patent infringement and are not

warranty ar implied varrenty of meschantatility
1




DERAK

i.aminale Properties Typical Properties ' of Posteured '™ 6 mm {1/4") Laminate'"
Property S US Standard  Test Method
Tensile Strenath 150 MPa 22.009 psi ASTM D-30239/1S0 527
Tensile Modulus 12 GP3 1.7 x 10 psi ASTM D-3038/ISO 527
Flexural Strengih 210 MPa 30.0C0 ASTM D-780450 178
Flexural Modulus 8 1GPa T.2x 10 pst ASTM D-790/1S0 17€
Glass Content 40% 20% ASTM D-2584/180 1172

(1) Typlcal prageny values only. not te be construad as specifications. S values reported 10 two signifizant figures
US standard val avd on conv arsion

110) Cure schedule. 24 hicurs at reom temperalure. 6 hours at 80 C (175°F)
(11} B rmm {147 Construcuon — VIMMWErM/Nrv f o
V= (,omlnunus veil glass. 4 = Chopped strand mat, 450 ¢/m” (1.5 oz'ft))

Wr = Woven roving 500 9in” 124 o2y
Safety and Handling This resin contains ingredients which could be harmful if mishandled. Contact
Consideration with skin and eyes should be aveided and necessary proleclive equipment and

clothing should be wom.

Ashland maintains Malerial Safety Data Sheets on all of its producis.
Material Safety Data Sheets contain health and safety information for your
develepment of appropriate product handling procedures to protect your
employees and customars.

Our Malerial Safety Data Sheets should be read and understood by ali of
VOur supenisory psrsonasl and emplovees befors using Ashiand’s products
in your facilities.

Recommendead Storage:

Drums - Store at temperaturss below 27°C/80°F. Storage life decreases wiih
increasing storage lemperature. Avoid exposure to heal sources such as
direct sunlight or staam pires. To avoid contamination of oroduct with water,
do net slore outdoors. Keep sealed to prevenl moisture pick-up and
manomer 10ss, Rolaie slock

Bulk - See Ashiand’s Bulk Storage and Handling Manual for Polyesters and
Vinyl Esters. A copy of this may be obtained from Composite Polymers at
1.614.790.3333.

2 te the continuous cvalutior of
‘¢ solutions thal pramotu health
| proteztion around the worfd

ralogy @i
safcly and environmenia

FAURS < infanmution 2nd Jata presented herein gre believed 1o be scoardle and raliable bul ate not o be
harticular DUIROsE, Cf represent4lion, express or imiplied. for which seller assumes legal rsp: ,3,,
Statemants o suggestions concerming passitile use of this product are made withou representation or uamnh W o Ay such ise is free Oy ,,;.[,,m AT igerent ,W. e m‘
2 St G
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Microstructure and properties of
stoneware clay bodies

A, J. FLYNN AND Z. H. STACHURSKI*

Department of Engineering, FEIT, Australian National University, Canberra, ACT0200, Australia

(Received 24 October 2005; revised 19 June 2006)

ABSTRACT: Raw clay materials manufactured for stoneware use are typically compounds of
kaolins, silicas and feldspars. Two stoneware clay materials examined here were chosen because
each is representative of the range of manufactured clay bodics. Samples were fired in an oxidizing
atmosphere to a range of temperatures between ~1000 and 1300°C. Sample dimensions, density,
porosity and mechanical properties under compression were measured as a function of firing
temperature. Thin sections, showing particles and their relationship to pore/void structures, were
prepared, recorded under scanning electron microscopy (SEM), and analysed. The observed changes
in microstructure can be related to previously described metamorphic and micro-eutectic reactions
and a gradual sintering process. Indications of changes to apparent porosity are further amplified by
measured changes of mechanical properties. The modulus of elasticity increases with reduction in
porosity to a point at which porosity ceases to be the principal determining factor. The critical
Griffith’s crack length, calculated from fracture-strength measurement, exhibits a similar trend. The
onset of these changes coincides with a significant increase in sealed porosity and with the
microstructural metamorphosis as revealed by SEM.

Keyworps: kaolin, silica, feldspar, porosity, microstructure, elastic modulus, compressive strength.

While extensive research has been conducted into
industrial ceramics (i.e. high-temperature refractory
or brick materials), there has been little, if any,
cxamination of structure-property relationships in
non-industrial clays. The implications for structure-
property relationships of changes in composition,
firing temperature and distribution of particles have
hitherto been observed only on an empirical basis.
In this study we report on experimental results and
analysis, which allow the comparison of such data
with those contained in the already extensive body
of literature relating to industrial clay-based
ceramic materials. Stoneware clay is a material of
great complexity. It is manufactured by mixing (in
a wet state) finely ground ingredients of kaolin,

* E-mail: zbigniew.stachurski@anu.edu.au
DOI: 10.1180/0009855064130218

\

feldspar and silica with or without various
additives, to produce a ‘body’ possessing the
property of plasticity in its wet state, and
subsequently drying and heating to high tempera-
tures (~1000—1300°C).

It appears from our experience and an exhaustive
literature search that the relationship between the
properties of fired stoneware clays and their
microstructures, dictated by the distribution of
particles sizes in raw materials, is to a large
extent uncharted territory. In particular, we
measured the various relevant properties that
combine to affect final properties and inquired as
to whether or not a point exists at which, or beyond
which, optimal strength is achieved.

Our study shows some similarity to investigations
carried out recently by Bauluz et al. (2004), in
which mineralogical and textural changes produced
in carbonated clays for brick making were reported.

© 2006 The Mineralogical Society
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The transformations that take place during the firing
of raw materials determine the final properties of
the ceramic products, and therefore an under-
standing of the microstructural changes is important
in understanding structure-property relationship.

THEORETICAL BACKGROUND
Density and porosity

The volume of a ceramic body comprises solid
substance, open voids (which are articulated and
connected to the outside), and closed pores (sealed).
Therefore, the volume of the body can be divided
into three parts:

Vb=V5+Vop+Vsp (l)

where: V,, is defined by the external dimensions, ¥V
is the volume occupied by the solid substance only,
Vop is the volume occupied by the open pores, and
Vsp is the volume occupied by the sealed voids.
Given the mass of the solid substance, my, the
density of the body, py, is defined as:

m,

HF'V:» @)

and the density of the solid substance is defined as:
=t ®)

In general, py < pg, if (Vop + Vep) > 0, and py =
ps, if (Vop + Vsp) = 0. We define the following
ratios as the volume fraction of the open pores, and
that of the sealed pores, respectively:

4 )

K

Yoo
Ve = -,_/b— (%)

op

From equations 1 to 5, the following relationship
can be derived:

P—"=+vop+vsp=1 6)
Ps
Assuming that water can fill all of the open pore
spaces, then the so-called apparent porosity of the
ceramic body is defined as follows (Singer &
Singer, 1971):
wet weight of sample — dry weight 100
dry weight of sample )

AP(%) =

1

A. J. Flynn and Z. H. Stachurski

where: ‘dry weight’ is the weight of sample without
any water (moisture), and ‘wet weight’ is the
weight of sample with open pores completely filled
with water. The dry weight of the sample
determines the mass of the solid substance, m.
The increase in the weight of the wet sample is
assumed to be due to water ingress through open
pores. Since water content = V., then the volume
fraction of open pores can be calculated from:
= *ﬁ
Vet ®
If the solid density, body density, and open
porosity are known, then from equation 6 the
amount of sealed porosity can be predicted to be:

Py

Vop = Ji= Vop — B: 9
If the solid substance is made up of a number of
different constituents, then the mass of the solid is
the sum of the masses of the individual constituents.
The overall density of the solid, in the absence of
chemical interactions, is predicted by the simple

law of mixtures (Holliday, 1967):
P =RV +PVa HPVs Ha PV, = D0Y;  (10)

i=l
where: vy, Vs, V3 -+ V, represent the volume
fractions of the individual constituents respectively,
and p;, P2, P3 pn, are the corresponding
densities.

Modulus of elasticity

The elastic modulus is a function of both matrix
composition and porosity. To a first approximation,
the dependence on composition can be predicted by
a simple law of mixtures. Thus:

E=Ev,+EV, +..+Eyv, =Y EvV, ¢))

i=1

where: E,, E,---E, are the elastic moduli of
individual components. If only two phases are
considered, the first solid and the second is assumed
to be void with zero elastic modulus, then the
relationships for the porous body can be represented
(Kunori & Geil, 1980) as:

e ,where k = el i
E, 1+pk 1—5

0

(12)

where: E, is elastic modulus of the matrix without
pores, Ey, is elastic modulus of the body with pores,
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p is total porosity, and v is Poisson’s ratio of the
matrix. Different relationships for porous bodies
were proposed by several authors (Helmuth & Turk,
1966; Sammis & Ashby, 1986; Brandt ef al., 1978).
Specifically, Helmuth and Turk proposed:

5‘4=(!—p)’

i (13)

A plot of Ey vs. (1 — p)’ should extrapolate to
the ultimate modulus, E,, at p = 0. Similarly, from
equation 12, a plot of Ey, vs. (1 — p)/(1 + pk) should
also extrapolate to £, at p = 0.

Compressive strength

The compression failure of brittle samples has
been described by Kendall (1978), who showed that
the compressive stress required to split a columnar
specimen containing a vertical crack is given by:

Vv2/3

i [EG.
P (1-wid)V d

where: d is the specimen width, w is the width of
the compression platen, £ is the specimen’s
modulus of elasticity, and G, is the critical strain
energy release rate (fracture toughness). The
equation predicts the compressive strength to
increase with the specimen elasticity and fracture
toughness, and its dependence on geometry, but not
on crack length, The apparent difficulty with
equation 14 for w = or >d, a common geometry
for most compression tests, has been resolved by
Ashby & Hallam (1986) who considered a multi-
tude of cracks and voids from which winged cracks
can initiate and grow. When loaded in compression,
the cracks grow and interact with other growing
cracks, ultimately leading to coalescence and finally
to catastrophic failure. They showed that the
initiation condition, for the case of simple
compression, was given by:

o= \/3 EbGlc
i h +H2 = na

where: oy is the fracture initiation stress, a is the
critical length of a crack in the plane of maximum
shear traction, Ej is the modulus of elasticity of the
body, and p is the friction coefficient for sliding
crack faces. In equation 15 there is crack-length
dependence. Therefore, sudden brittle fracture is
predicted once the initiation condition is satisfied.

(14)

(15)
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MATERIALS AND METHODS
Experimental raw materials

Sufficient quantities of two manufactured stone-
ware clays, denoted as Body A and Body B, were
obtained from Clayworks, Dandenong, Victoria,
Australia. The composition of the stoneware clays
were: (1) Body A — kaolin, feldspar and quartz;
and (2) Body B — kaolin, feldspar, quartz and with
small additions (a few percent) of goethite,
FeO(OH). The precise ratios were not available.
At the same time, small quantities of the raw
materials in an unmixed state were also purchased
for mineral identification. The X-ray diffraction
(XRD) identification of three of the raw materials,
and quantitative particle-size distribution are
reported below.

From observations of thin sections by optical
microscopy, and from investigation of conventions
followed by manufacturers in Australia, we esti-
mated the volume fractions of the initial constituents
to be in the range (1) kaolin: 0.60-0.70, (2) feld-
spar: 0.20—0.15, and (3) quartz: 0.20-0.15. The
essential differences between Bodies A and B lie in
the differences between the proportions of kaolin/
feldspar/quartz, and in particle-size distributions.
These are reflected in finished, fired surface
qualities: A is white whereas B is fired darker and
shows a coarser surface than A.

Sample preparation and firing

Samples (in wet state) were extruded in 180 mm
lengths through a die with a circular aperture of
20 mm diameter and a 1° reducing taper. 180 mm
was chosen to reduce or eliminate wasting or
necking due to stretching under the sample’s own
weight prior to cutting off. The extruder barrel was
washed at the completion of the extrusion of each
stoneware clay body.

All extruded samples were fired in an oxidizing
atmosphere to ~1000°C in one firing in a
temperature-controlled electric kiln. The firing
cycle followed a temperature increase rate of
60°C/h to 300°C, followed by 150°C/h to comple-
tion. The kiln was allowed to cool normally to
200°C before opening. After initial firing, all sets of
extrusions were sawn to 36 mm sample lengths by a
water-cooled, diamond-saw-blade cutter with a
movable bed. Altogether, 180 test samples of each
body were made, allowing a choice of five for each
of the subsequent 10 oxidation firings.
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Next, the samples were packed in a systematic
ABABAB order to spread any localized variations in
temperature/heat work more equably across the whole
sample-body range, and fired to higher temperatures.
Standard Orton Cones, manufactured by the Edward
Orton Jr. Ceramic Foundation, were chosen for use in
all kiln firings associated with this project (Orton,
1994). The cones were placed on the centre line of
cach shelf 100 mm back from the leading edge.
Twelve firing temperatures were chosen: Orton Cones
06, 04, 03, 01, 2,4, 6, 7, 8, 9, 10 and 11.

Sample dimensions and weight

The dimensions of all samples were measured using
vemier callipers capable of accuracy to 0.01 mm. The
length of the cylinder was measured once; the diameter
in three places, and averaged for each sample. The
expected relative error in length is estimated as 0.01/36
=3x107* and in diameter as 0.01/20 = 5x 107
From these measurements the volume of each sample
was calculated, with the relative error calculated as
2ARR + ALL =13 x1072,

All samples were dried for 24 h at 200°C and
weighed immediately on removal from the drying
oven using scales (Mettler Model AB204). Wet
weight was measured by first boiling samples
suspended and immersed in water for 1 h, then
allowing the samples to cool naturally for a further
23 h while completely immersed in the water in
which they were boiled. Each sample was removed
from water, rolled on absorbent paper to dry the
surface and weighed.

Particle-size distribution

Samples were prepared using a 0.05% Calgon-in-
water deflocculant with sample density of 2.65 g/cc
and liquid density 0.9944 g/cc. The sedimentation
rate was measured using a SediGraph 5100
instrument for particle-size distribution within the
range 0.1—60.0 pm. Particles in the range
60—2000 pm were measured using a column
sediment analyser.

SEM imaging of thin sections

Thin sections of each fired sample were cut using
a diamond saw to a thickness of ~1.2 mm. The
sample face was hand ground using P800 wet and
dry papers to minimize irregularities within the cut
sugface. The sample was dried and attached to a

A. J. Flynn and Z. H. Stachurski

standard petrology slide using Petropoxy that had
been first applied and absorbed into the porous
structure before slide attachment. Using standard
15 um alumina oxide grit, each sample was then
reduced to 35 um average thickness on the
laboratory’s Logitech LP30 lapping and optical
polishing equipment. The sample was then further
polished and reduced in thickness using a tin lap
with 2.5 pm diamond paste and oil, with the final
polished 30 pm finished on Pellon cloth with
1.0 pm diamond paste and oil.

Using the facilities of the ANU’s Electron
Microscopy Unit, 30 pm thin sections of each
sample were carbon-sputter coated. Samples were
viewed on the Cambridge 360 instrument, using
SEM backscatter mode at x 800 magnifications.
Five randomly selected regions from each sample
were imaged and recorded both electronically and
photographically.

The same carbon sputter-coated thin sections of
each sample were subjected to analysis using an
X-ray probe on the Unit’s JEOL 6400 instrument.

Measurement of mechanical properties

The cylindrical samples were subjected to
uniaxial compression on a mechanical testing
machine (Instron, Model 4005). Each sample was
placed between parallel compression plates.
Sellotape, affixed to the ends of the sample, acted
as a lubricant between the sample and the platens,
also holding the ends of the samples together after
fracturing. The conditions of testing were: cross-
head speed of 5 mm/min, 100 kN load-cell, normal
room temperature and humidity. The elastic
modulus in compression was calculated from the
slope of the linear portion of load-displacement
curve and the dimensions of the sample. The
compressive strength was calculated as the ratio
of the maximum load sustained by the sample
divided by the cross-sectional area.

EXPERIMENTAL RESULTS

Figure 1 shows recordings obtained on the unmixed
raw materials, clearly identifying the minerals as
pure kaolin, quartz and goethite. X-ray diffraction
of bodies A and B (not shown) gave complex
diffraction patterns indicating the presence of the
three main constituents, i.e. kaolin, quartz and
orthoclase feldspar. This conclusion is supported by
the work of Chi (1996). Quantitative estimation of
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F16. 1. XRD patterns of three minerals used in the ceramic clay bodies. Goethite appeared in body B only.
(Cu-Ko. radiation, powder samples.)

the components was not attempted due to the
uncertainty of the process.

Figure 2 shows the composite distribution of
particle sizes measured on the as-received bodies by
the two different techniques as described earlier.
Significant differences can be observed at the finest
particle end, and between ~50 and 350 pm
equivalent spherical diameter range.

Micrographs from cut and polished surfaces of
samples from bodies A and B, fired to all indicated
temperatures, were obtained by scanning electron
microscopy (SEM). Figures 3 and 4 show SEM
images for selected samples fired to 1000, 1260 and
1320°C, respectively. The thin sections were coated
by carbon sputtering and the images obtained in
back-scattered mode.

25

= - ~
o w (-3

Percentage (arbitrary units)

v

- 28

1.5 50 150 400

750 1250 225.0 400.0 700.0 1200.0

Equivalent spherical diameter (um)

Fi6. 2. Distribution of particle sizes in the stoneware clay bodies, derived from measurements carried out using
SediGraph 5100 and a Column sediments analyser. Note the differences at the lowest fractions and significant
differences for fractions between 50 and 350 pm. 5

1
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Fic. 3. SEM images of stoneware body A fired to approximately: (a) 1000°C, (b) 1180°C, and (c) 1320°C. SEM
backscattered mode from polished thin sections. In (a) a feldspar grain is indicated by F. The large grey particles
are quartz grains (some identified by Q). Scale bar = 50 pm.

The results of physical measurements carried out
in the course of this study are shown in Figs 5—8.
Each point on the graphs represents an average of
five individual measurements. Figure 5 shows the
changing volume of the samples over the firing
temperature range. It can be observed that the
volume decreases monotonically for both. However,
it is interesting to note that Body B, although
prepared in exactly the same way as Body A,
showed greater shrinkage on drying as indicated by
the lower starting value at 1000°C, whereas its
subsequent decrease in volume on firing was in
parallel with the other. This is consistent with the
initial apparent porosity being higher for Body B
than for Body A, which we think reflects variation
with particle-size distribution.

Figure 6 shows the variation of the apparent
porosity with firing temperature. It varies from
close to 19% at the initial firing temperature, down
to ~2% at the highest firing temperature. The
degrease in apparent porosity is seen to occur over

three stages: (1) a relatively fast change from 1000
to 1180°C; (2) an arrest between ~1180 and
1260°C; (3) a final stage which is again relatively
fast. Associated with apparent porosity and volume
is the apparent density (not shown), starting at the
low value of ~1.8 g/cm®, and increasing to ~2.3 g/
em®, consistent with the changes in volume
shrinkage and apparent porosity.

Figure 7 shows the variation of the elastic
modulus with firing temperature. Again, three
regions of behaviour can be distinguished: (1) up
to ~1180°C where the elastic modulus increases
rapidly; (2) between 1180 and 1260°C where the
modulus remains to a first approximation constant;
and (3) beyond 1260°C, the final region, surpris-
ingly characterized by a gradual loss of mechanical
elasticity. Figure 8 shows the variation of compres-
sive strength with firing temperature measured in
the same test as the elastic modulus. Here three
stages of dependence on firing temperature are also
evident. ;
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Fic. 4. SEM images of stoneware body B fired to approximately: (a) 1000°C, (b) 1180°C, and (c) 1320°C. SEM

backscattered mode from polished thin sections. The large grey particles are quartz (Q). Part (a) shows a large

particle (K) with dickite-like morphology, and feldspar particles (F) as identified by XRD. White particles in (c)

(infrequently observed) give indications, under SEM probe, of tin or zircon, and must be original inclusions in
the raw materials. Scale bars = 50 pm.

DISCUSSION

Microstructure

The changes in microstructure, seen in Fig. 3a—c
for Body A, and Fig. 4a—c for Body B, represent
characteristic points of three significant stages in
the development of microstructures in the stonecware
clay bodies:

(1) up to ~1180°C,

(2) from ~1180 to 1260°C, and

(3) above ~1260 to 1320°C.

These changes are the result of phase transforma-
tions, as well as melting and eutectic formations
that take place increasingly in stage 2, and
continuously in stage 3. Initial reactions (dehydra-
tion of minerals and driving out of volatiles) are
completed by ~600°C (Sosman, 1965; Deer et al,
1992). In this temperature range, kaolin transforms
to metakaolin with slight shrinkage and an increase
in porosity (Kingery et al, 1976). By ~980°C,
maqtakaolin decomposes into spinel and reactive

SiO, (Brindley & Lemaitre, 1987). The original
particles appear to be held together at numerous but
small contact points (assumed to result from
sintering) so that the compressive strength reaches
~40 MPa as shown in Fig. 8. The original
distribution and morphology of the particles are
still preserved (these microstructures are very
similar to those reported in Fig. 2 of Bauluz er al.
(2004), who report that there is little glass
formation at this temperature, although the differ-
ences in mineral composition must be noted). The
micrographs in Figs 3a and 4a show close
similarities in microstructures: voids are almost all
uniformly small; larger voids are associated with
margins of much larger particles; individual particle
boundaries are obvious and clearly defined; and
there is no observable aggregation of particles as a
consequence of melting. Noticeable in Body B are
large laminar kaolin particles (Fig. 4a). The most
obvious feature that distinguishes Body A from
Body B is the difference in size and distribution of
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particles within the range of 50 to 350 um (Fig. 2).
The different types of voids observed include
articulated voids that are a direct consequence of
the irregular contact points between particles of
differing shapes and sizes, and both sealed and
articulated voids that are inherent in the raw
materials introduced into the clay bodies.

As can be seen in Figs 3b and 4b, further
changes take place at increasing temperatures. At
~1100°C, feldspar melts, leading to the formation of
glasses in combination with SiO, evolving from
metakaolin, reacting with quartz grains to melt
outer surfaces and sharp corners, forming an
inhomogeneous glassy matrix (Smith & Brown,
1988). Above 1150°C, orthoclase feldspar trans-
forms to leucite and SiO,, adding further to the
glassy matrix of varying composition. According to
Deer et al. (1992), and Wyatt and Dew-Hughes
(1974), quartz transforms to cristobalite at 1470°C.
However, Heany et al. (1995) reported that
cristobalite can be metastable well below this
temperature. Simultaneously, porosity is corre-
spondingly reduced. This is already visible in

micrographs shown in Figs 3b and 4b, where
large particles and voids are rounded off, small
particles have fused together, and micropores have
to a large degree disappeared. Thin cracks appear
around large particles as a consequence of the
above-mentioned transformations with accompa-
nying volumetric changes. Small particles ranging
between | and 5 pm that were clearly observable in
each of the stoneware clay bodies in Figs 3a and 4a
are no longer present. Particles of >10 pm are
surrounded by fused aggregations containing larger
and less evenly distributed voids. Voids larger than
those contained in, and associated with, the
surrounding solid continue to be associated with
large particle boundaries. There is evidence of
cracking in large-particle boundary/small-void inter-
faces as well as transverse cracking in elongated
large particles.

At the highest firing temperature (~1320°C), a
complex glassy matrix, variegated in appearance,
seen in Figs 3c and 4c, is the dominant phase of the
microstructure, occupying a greater proportion in
Body B than in Body A. It is assumed to be glassy
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of five samples.

since XRD gives a broad scattering peak with small
sharper peaks that must arise from the remaining
crystalline phases. The larger extent of vitrification
in Body B is likely to be the result of the small
additions of the Fe oxide. The other major phase
comprises silica (quartz particles), clearly identifi-
able under SEM analytical probe, and some grains
also identified in the micrographs. The interface
between the remaining silica particles and the
matrix is diffuse and in many places cracked.
Porosity has decreased considerably, and it is not
evident which part consists of open voids, and
which of sealed voids, now approximately in equal
proportions. Cracks are evident around the grains as
well as within the grains, as reported by Menéndez
et al. (1996). We assume the cracks have formed on
cooling from the firing temperature due to
differential shrinkage. Changes in the size and
distribution of voids are less obvious than in the
earlier micrographs. Body B contains elongated
voids (~50 pm long), which originated from the
kaplin particles as can be seen in Fig. 4a.

Porosity and density

We have estimated the sealed porosity by making
use of equation 9. Figure 9 shows the variation of
open porosity, as derived from apparent porosity,
and the calculated sealed porosity. For each body,
the sum of open and sealed porosities gives the total
porosity. The finer details, evident in the two
bodies, are ascribed to differences in particle-size
distribution and the associated rate of formation of
eutectics and sintering. The sudden increase in
sealed porosity at ~1180°C suggests onset of
melting and fusion leading to closure of previously
articulated voids. The calculations required the
knowledge of solid density as defined by equation
3, which can be estimated using equation 10. We
have been able to determine that the silica-rich
phase is quite pure and can be identified as quartz
(Fig. 1). From Sosman (1965) and Heaney et al.
(1995) we take the density of the initial quartz
constituent as 2.65 (£0.01) g/cm3. On firing to high
temperature (1300°C), quartz can convert to
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cristobalite with a corresponding reduction in
density (Smith & Brown, 1988) which can be as
low as 2.35 g/em®. The feldspars used in these
compounds are K-rich, orthoclase minerals. This
has been confirmed by XRD, and during SEM
observations. We take the density of the initial
constituent as 2.58 (£0.02) g/cm® (Deer ef al., 1992;
Smith & Brown, 1988). In the temperature rage of
1120 to 1180°C, feldspars melt forming a glassy
phase of variable density, which we estimate as
2.38 (20.02) g/cm’. The structure and properties of
Australian kaolin minerals have been studied
thoroughly by Chi (1996). The density of the
kaolin from Victorian fields is taken as 2.64 (+0.02)
g/em®, On firing, kaolin transforms gradually to
metakaolin to spinel, forming mullite as well as
contributing to glass formation of density
~2.38 g/em’.

We have calculated the solid density of both
stoneware clay bodies after the first firing as 2.629
(0.025) g/cm3. It is assumed to be constant

between 1000 and 1180°C. The next step required
estimation of the variation of densities with higher
firing temperatures. We noted from SEM observa-
tion of thin sections, and from XRD results, that at
the highest-temperature (1320°C) feldspars have
fused with kaolin, and that approximately a third
of the quartz has also fused with surrounding
constituents. At the same time XRD traces indicated
an increase in the X-ray amorphous (glass) content
from insignificant at 1000°C, to ~40% at the final
firing at 1320°C. We assume the volume fraction of
glass to be 0.4, and its density to be 2.38 g/em’.
The volume fraction of the transformed and
recrystallized materials is 0.6; therefore, the final
solid density of the bodies is estimated to be 2.51
(20.03) g/em’. It is assumed that it decreases
monotonically between 1180 and 1320°C.

Volume shrinkage is evidence for reduction in
porosity, and this information was used by Zhang et
al. (1944) to corroborate their measurements of
permeability during hot isostatic pressing of mineral
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Fic. 8. Variation of compressive strength of the two stoneware clay bodies A and B over the whole firing range.
Body B is weaker as the firing temperature increases. Each point is an average of five samples.

aggregates. We have already used this information
in equation 9 to derive sealed porosity. Other
methods for porosity measurement could have been
applied but were deemed to be unnecessary as the
results reported here are consistent with densifica-
tion behaviour reported for other aggregate bodies.
For instance, in the above-mentioned work (Zhang
et al., 1944), the porosity of the aggregate starts at
~0.22 and ends at 0.06 after isostatic hot pressing.
The total porosity measured for Bodies A and B is
also around that value after firing to 1300°C
(slightly higher because densification occurred as
a result of sintering forces alone without the aid of
isostatic pressing). By contrast, the greater initial
porosity value of ~0.32 for bodies A and B, is
ascribed to the presence of introduced inherent
porosity, as evident in the micrographs in Figs 3a
and 4a.

MECHANICAL PROPERTIES

The effective value of the modulus of the composite
was estimated using equation 11. For this we need

the moduli of individual components: for quartzite,
E = 55 (£20) GPa (Brindley & Lemaitre, 1987,
Jumikis, 1979), for feldspar, £ = 45 (+20) GPa.
Kaolin shows both strong anisotropy and some
internal porosity; we take the value of 15 (x10) GPa
as a reasonable average value. Allowing for the
uncertainty in the volume fraction of the compo-
nents, the effective modulus of the stoneware clay
bodies is calculated to be 30 (£15) GPa. No
allowance for porosity has been made. Therefore
this value corresponds to an isotropic composite at
zero porosity. At 1000°C, porosity is of the order of
35%, and the much lower value of ~4 GPa was
found by experimental measurements (Fig. 7). As
the absolute porosity and its variation have been
calculated, one can analyse the experimental data
from Fig. 7 using equations 12 and 13. A plot of
the experimental values against porosity factors is
shown in Fig. 10, where it can be seen that
extrapolation towards zero porosity of the trend
shown by the first 4—5 points is close to 35 GPa,
well within the above-calculated range of the
effective modulus at zero porosity. The result for
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Body B is very similar. This analysis predicts the
modulus of both fired stoneware clay bodies at zero
porosity to be in the range 25—35 GPa.

For samples fired beyond 1180°C the elastic
modulus appears not to be affected by variations in
porosity, even though total porosity continues to
decrease. The modulus reaches peak values of close
to 12 GPa between 1180 and 1260°C, and then, for
firings at the highest temperatures employed,
decreases slightly to ~10 GPa instead of rising to
near 35 GPa as predicted in Fig. 10. We ascribe this
remarkable phenomenon to two factors: (1) the
chemical changes occurring in the composite
bodies; and (2) the formation of circumferential
cracks around the remaining silica particles. The
first factor is the formation of eutectics and glassy
phases resulting in a lower modulus than that of
original feldspars, and the second is the decoupling
of silica particles from the matrix by the cracks, We
propose that both contribute simultaneously to
lower the elastic response of the materials.

Assuming a value of 0.5 for the friction
coefficient, and solving equation 15 for critical
crack length, gives:

G, . XE
(o)

Figure 11 shows the variation of the critical crack
size as a function of firing temperature for the two
stoneware clay bodies, assuming a typical value of
Gy = 20 J/m* for ceramics, and using the modulus
and strength values from Figs 7 and 8. The graph
shows some similarity to the graph for open
porosity with firing temperature (Fig. 9), suggesting
that the pores play the role of the critical crack. The
size of the pores decreases with decreasing porosity
(increasing firing temperature) as is evident from
the micrographs. The compressive fracture strength
of the samples increases correspondingly as the
critical crack size reduces from ~100 um at the
initial firing temperature to 20 pm at 1200°C.
Above 1260°C, the formation -of micro-eutectics at

2.9

i

a

(16)

c
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Fic. 10. Analysis of the variation of elastic modulus with porosity for stoneware body A in terms of equations 12
and 13. Extrapolation to zero porosity points to a value of ~35 GPa, in agreement with calculations described in
the text.

contact points leads to localized melting and glass
formation on cooling. Differential thermal
shrinkage causes cracks to appear around the large
particles. This has a significant effect on Body B
since it contains larger particles, the shrinkage
cracks contribute to lowering of its fracture strength
at the high firing temperatures. Interestingly, Body
A continues to increase in strength even at the
higher firing temperatures. Tentatively, we ascribe
this different behaviour to the differences in
particle-size distributions, which is the subject of
a separate study.

CONCLUSIONS

The absolute porosity of the stoneware clay samples
drops continuously from ~0.33 at first firing at
1000°C to ~0.08 after the final firing at 1300°C.
Initially, the porosity appears as connected open
voids only, changing to both sealed and open
porosity, each comprising a ~0.04 fraction at the
final firing. This continuous densification of the
material is not mirrored by a corresponding increase
in elastic modulus. The modulus of elasticity of the

samples, whilst primarily determined by the solid
constituents, is also influenced by the presence of
pore/voids and microcracks. The modulus-porosity
relationship is not described adequately by the
existing physical models.

The micromechanics of compressive failure in
stoneware clay bodies appears to be related to
porosity in that the critical crack size for failure
initiation decreases with decreasing void size.
However, above ~1260°C the simple relationship
does not appear to hold for Body B, where the
compressive strength reverses its trend, contrary to
that of porosity. Since Body B contains a larger
amount of particles in the 100—300 mm size, it
leads us to the tentative conclusion that shrinkage
cracks forming around these particles lower the
fracture strength of these fired stoneware clays.
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