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Abstract
Spherical aggregates, approximately 1mm in diameter, derived from either kaolinite or
bauxite are used in tonnage quantities to aid the extraction of oil and natural gas.
Aggregates intended for this application are referred to as proppants and key
characteristics include low density and high strength, which are influenced by processing
temperature and variation in raw ore chemistry. Kaolinite and bauxite ores doped with
varying concentrations of K2O and Fe2O3 were sintered at different temperatures to
elucidate composition-processing-property relationships. The dopants are known to form
low temperature ternary eutectics with Al2O3 and SiO2 and are anticipated to facilitate
low temperature densification and enhance mullite formation. In addition, proppants
doped with Fe2O3 were studied under varying oxygen partial pressures to further enhance
low temperature densification by manipulating the valence state of iron.

Microstructure and crystalline phase assemblage were evaluated by scanning electron
microscopy and X-ray diffraction, respectively, and correlated with results of density and
strength measurements obtained by gas pycnometry and diametral compression,
respectively. Results indicate that dopant enhanced densification can simultaneously
improve strength and processing economy of proppants by lowering sintering
temperatures up to 100°C. Controlled atmosphere studies revealed that manipulating the
valence of iron produces unique microstructures that may be useful in a number of
different applications. These microstructures include aggregates with metallic coatings
and aggregates with core-shell microstructures, which exhibit a porous core enclosed by a
relatively dense outer shell.
iii
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1.0 Introduction
1.1 Aggregates and the Energy Industry
Efficient extraction of fossil fuels such as oil and natural gas is of global importance and
is becoming increasingly critical as reserves are depleted. In order to aid the recovery of
these resources, the drilling industry frequently employs the practice of hydraulically
fracturing wells. Hydraulic fracturing, or “hydrofracing” as it is often termed, consists of
injecting a slurry of corrosives, surfactants, and aggregates into a well under pressures
high enough to initiate and extend fractures radially from the well bore. The aggregates,
which are highly spherical and approximately 1mm in diameter, are transported into
opening fractures where they become pinned by closure stresses when the well pressure
is relieved. As a result, the fractures are unable to close because they are “propped” open
by the aggregates, which is why these aggregates are typically referred to as proppants.
The resulting assemblage of proppants forms a path with greater permeability than the
surrounding geologic formation and facilitates removal of previously inaccessible
deposits. Hydrofracing has become a common practice since its introduction in the
1940’s and, as of 1988, has been employed in 35-40% of all well drilling operations.
Over 25% of the total U.S. oil reserves have been made economically producible by
hydraulic fracturing, which underscores the significance of this process [1].

The efficacy of a hydrofracing operation is heavily dependent on key proppant
characteristics such as density and strength. In order for proppants to be efficiently
transported into an opening fracture they should be close to neutrally buoyant within the
slurry to increase the likelihood that they’ll be drawn into an opening fracture and less
1

likely to rapidly settle within the well bore. Since low density fracture fluids are less
expensive to purchase, transport, and pump, the development of proppants with
comparably low densities is highly desirable. In addition to low densities, high strengths
are required to resist failure due to crushing under closure stresses. Fragments resulting
from crushed proppants can blind pore channels and reduce permeability. As a result of
the need for high strength, low density proppants, there is a significant drive within the
drilling industry toward developing high specific strength proppants.

Although many different materials may be used to fabricate proppants (silica sand,
zirconia, etc.), the majority of commercial proppants are derived from aluminosilicates
like kaolinite and bauxite [1, 2]. These materials have been successfully employed as
proppants due to their relative abundance, availability, and service performance.
Hydrofracing operations typically require tonnage quantities of proppants and massive
hydrofracing operations can require over 1 million tons.

These materials are not

reclaimed once injected into the well, so it is imperative that raw materials are abundant
and relatively inexpensive.

With drilling operations located worldwide, it is

advantageous to use materials that are distributed throughout the world like kaolinite and
bauxite to ease distribution expenses. Finally, the properties of kaolinite and bauxitederived proppants are ideal as they both exhibit sufficient strengths (>100MPa) and
moderate densities (≈3-4g/cc) that allow the proppants to perform effectively in their
service environment. The final properties of the proppants are influenced by how they
are processed and may be significantly enhanced under specific process conditions.

2

Aluminosilicate derived proppants are often fabricated through what the industry refers to
as the dry process [3]. Raw materials are ball milled to a relatively fine powder (≈30μm)
before being consolidated into spherical agglomerates in a rotary mixer.

The

agglomerates, or green proppants, are then fed through a rotary kiln and fired at
temperatures that often exceed 1500°C.

Depending on the raw material, sintering

temperatures ranging from 1530°-1570°C are frequently required to produce aggregates
with acceptable properties. High alumina concentrated ores like bauxite and ores that
contain significant concentrations of impurities relative to industrial specifications are
usually sintered closer to 1570°C. Elevating sintering temperatures to achieve adequate
densification significantly impairs process economy, which is why achieving low
temperature densification is of significant interest [4].

The ability to produce high specific strength aggregates while simultaneously enhancing
process economy is highly desirable to the proppant industry. Industrial trends have
indicated that proppant strength is proportional to alumina content. As a result, ores with
high alumina concentration are more desirable and, therefore, more expensive. In the
case of bauxite, competition with the aluminum industry over raw materials has also
driven an increase in cost. Competition between industries often results in companies
drawing raw materials from a broader array of lower quality, low alumina concentrated
ores, leading to fluctuations in chemistry that deleteriously impact process economy and
product quality. The net result of these trends is a drive within the proppant industry to
develop a better understanding of how native impurities impact sintering behavior and
how their concentrations may be manipulated to produce high specific strength

3

aggregates from ores with lower alumina concentration while simultaneously enhancing
process economy [4].

1.2 Significance of Study
The focus of this study is to develop a better understanding of how composition and
redox chemistry impacts microstructural and crystalline phase development within
bauxite and kaolinite derived proppants. By manipulating the concentration or oxidation
state of constituents commonly found within these materials, the interrelationships among
composition, processing, and final properties should be elucidated and permit
adjustments that will enhance process economy and product quality. Although there are
numerous constituents that occur naturally in kaolinite and bauxite ores, potassia (K2O)
and iron oxide (Fe2O3) have been specifically selected for this study due to their phase
relationships with alumina and silica, which indicate that they are excellent candidates for
doping studies aimed toward enhancing low temperature densification by modifying and
enhancing liquid phase formation during sintering.

Although potassia is found in both kaolinite and bauxite ores, it is typically found in
greater concentration in kaolinite and concentrations above 0.2wt% are often associated
with strength degradation in the proppant industry [4]. However, potassia has been
selected as a dopant candidate for this study because it is known to be an effective flux
for silica, which is present in both materials.

By fluxing residual silica phases during

sintering, potassia additions are expected to enhance low temperature densification by
facilitating more rapid particle rearrangement via formation of a low viscosity glass
phase.

In addition to low temperature densification, enhanced mullite formation is
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anticipated due to increased ionic mobility in the low viscosity glass phase [5]. Enhanced
mullite formation has been shown in previous studies to yield high specific strength
aggregates [6].

Iron oxide is commonly found in both kaolinite and bauxite, but it is typically found in
greater concentration in bauxite ores. Industrial experience suggests that limited amounts
of iron oxide are desirable in bauxite ores, but the specific relationships among iron oxide
concentration, processing, and final physical and mechanical properties are not well
understood [4]. Iron oxide has been selected for this study because it is known to form a
low temperature ternary eutectic with alumina and silica at temperatures lower than those
typically used for sintering (1380°C vs. 1530°-1570°C) [7]. Although the equilibrium
compositions of the materials is far from this ternary, localized chemical environments
surrounding the iron oxide particles will closely approximate the eutectic. Hence, in the
early stages of sintering a low viscosity liquid is expected to enhance low temperature
densification and play a role in solution-precipitation reactions, possibly enhancing
mullite content by promoting the reaction between alumina and silica via substitution on
aluminum sites in the mullite structure [8, 9].

In addition to enhanced densification via a transient liquid phase, it has also been
hypothesized that densification can be enhanced by manipulating the oxidation state of
iron under controlled atmospheres. By reducing ferric iron (Fe3+) to ferrous iron (Fe2+)
under low oxygen partial pressures, an even lower viscosity ternary eutectic may be
utilized for liquid phase sintering (1150°C vs. 1380°C). However, the larger size of the
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ferrous iron cation (0.77Å vs. 0.65Å) results in significantly lower solid solubility with
surrounding crystalline phases [10].

The resulting iron-rich phase is expected to

segregate to grain boundaries and possibly form a glassy phase. Since this would likely
be detrimental to mechanical properties, a secondary oxidizing heat treatment may be
required to devitrify the glassy phase and draw the iron as (Fe3+) into solid solution with
the surrounding crystalline phases.

Preliminary controlled atmosphere sintering studies, in which Fe2O3-doped aggregates
were sintered at 1450°C under reducing conditions, revealed metallic decorations on the
surface and interior of both kaolinite and bauxite-derived aggregates [11]. A secondary
thermal treatment at 1450°C under oxidizing conditions resulted in a complex, core-shell
microstructure consisting of a relatively dense reaction layer at the surface surrounding a
porous core (see Figure 1). This second, “reoxidized” structure is of significant interest
to the proppant industry because it suggests that pore content can be tailored to achieve
high specific strength aggregates. Although pores are typically the strength limiting
flaws, aggregates that possess a thick shell surrounding a core with a large number of
very fine pores may exhibit higher specific strength, which is considered to be the “holy
grail” from the perspective of the proppant industry [4]. A major advantage of this
discovery is its feasibility from a processing standpoint, since production would entail
adjusting air/fuel ratios of the kiln’s burners from reducing (fuel-rich) to oxidizing (airrich) conditions, making “in-situ” development of the microstructures presented in Figure
1 possible [11].
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(a)

(b)

Figure 1. Back-scattered electron micrographs of iron oxide doped, bauxite derived aggregates
exhibiting metallic decorations on surface and interior after firing under a reducing
ambient (a) and a core-shell microstructure consisting of a dense shell relative to the
porous core after subsequent reoxidation (b) [11]

Overall, the results of this study will provide a wealth of information regarding the
influence of doping and oxygen partial pressure on the microstructural and crystalline
phase evolution in kaolinite and bauxite-derived aggregates. High temperature phase
relationships will be examined by manipulating the starting chemistries of raw materials
via doping to modify or promote liquid phase formation during sintering, which should
result in low temperature densification and the development of mullite-rich crystalline
phase assemblages. In doing so, doping should facilitate production of high specific
strength aggregates while simultaneously increasing process economy. Results from
doping studies may also permit selection of cheaper ores that were previously thought to
be unacceptable by elucidating the process or compositional adjustments required to
produce high specific strength aggregates from raw ores of variable composition. In
addition to manipulating starting chemistries, controlled atmosphere studies are expected
to reveal the influence of the oxidation state of iron.
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Preliminary results have indicated that controlled atmosphere sintering can produce
aggregates that may be suited for a broader array of industrial applications [11]. Reduced
microstructures exhibiting metallic decorations would be ideal for use as inexpensive
catalytic supports in either petroleum refinement or ground water remediation. The
presence of metallic inclusions within the interior microstructure may alter aggregate
fracture characteristics and tribological properties, which may be of interest for grinding
and abrading media in finishing operations. In addition, reoxidized microstructures could
be tailored to possess pore size distributions that would lower thermal conductivity and
make the aggregates excellent candidates for casting sands. As a result, the intellectual
property regarding these unique aggregate microstructures has been protected by a
provisional patent [11]. However, despite the broad array of potential applications that
these aggregates may be suited for, the primary thrust of this project has been toward
production of high specific strength aggregates via manipulation of reactions leading to
reoxidized core-shell microstructures that yield high specific strength aggregates.
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2.0 Literature Review
2.1 Overview of Proppants and Hydrofracturing
Hydraulic fracturing (a.k.a. hydrofracturing or hydrofracing) operations have been used
to stimulate well production since their inception in the early 1940’s. Some of the
earliest hydraulic fracturing operations incorporated sand and fine gravel as the propping
media, which were delivered into the well with napalm as the fracturing fluid [1]. Since
then, progress in the field of drilling technology has resulted in safer and more efficient
hydraulic fracturing operations that incorporate less volatile fracturing fluids and more
advanced propping media. For instance, the majority of propping agents employed in
current hydrofracing operations are highly spherical.

This morphology improves

proppant flow during transport within the well and provides a highly permeable network
of pore channels when pinned within a fracture [2].

There are numerous strategies in designing a hydrofracing operation that take into
account factors such as well depth and the mechanical properties of the surrounding
geologic formation. These factors provide guidelines for propping media selection, since
sufficient strengths are required to maximize permeability. Although sand is still often
used in shallow well operations, aluminosilicates, such as kaolinite and bauxite, have
become the prominent propping media for intermediate (≈10,000ft) and deep (≥15,000ft)
well fracturing operations, respectively. High strengths, combined with relatively low
densities that permit the use of less expensive fracture fluids, make kaolinite and bauxitederived aggregates ideally suited for propping media [1, 2].
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2.2 Mineralogy of Kaolinite and Bauxite
Before studying the sintering behavior of kaolinite and bauxite-derived proppants, a
description of the raw materials is required to understand the thermal transformations that
take place during sintering. Kaolinite is a two-layer aluminosilicate consisting of one
layer of octahedrally coordinated aluminum cations bonded to a layer of tetrahedrally
coordinated silica cations with hydroxyl groups located between layers.

Kaolinite

deposits result from the weathering of alumina-rich geologic formations located
throughout the world, including the southeastern United States [12].

The kaolinite

structure and chemical formula is presented in Figure 2.

Oxygen

Hydroxyl
Group (OH)

Silicon

Aluminum

Figure 2. Structural schematic of kaolinite, Al2O3⋅2SiO2⋅2H2O, after [13]

Bauxite, the chief ore for alumina and aluminum production, is often found in tropical
climates where geologic weathering processes have leached other cations from the
deposit, leaving behind a high concentration of hydrated alumina. As a result, there is no
specific chemical formula or structure that is uniquely considered to be bauxite. Instead,
the term bauxite is applied to any ore that consists of at least 40% alumina and up to 20%
iron oxide balanced with varying amounts of silica and trace amounts of alkaline and
transition metal oxides [14, 15].
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Upon heating, both kaolinite and bauxite undergo a series of thermal transformations.
The thermal transformations associated with kaolinite are outlined in equations 1-4 and
the thermal transformations of alumina hydrates associated with bauxite are described by
equations 5-9. As can be seen from Equation 1, kaolinite undergoes loss of water at
approximately 500°C [16]. The layered aluminosilicate loses the hydroxyl groups and
collapses into the metakaolin structure, which is a poorly crystalline structure of
interlocked alumina and silica tetrahedra with oxygen atoms arranged in a 6-6-2
sequence. At 980°C, the layer containing two oxygen atoms enters the layer containing
alumina tetrahedra, causing the metakaolin structure to become unstable [17, 18]. As a
result the metakaolin structure converts to an aluminosilicate spinel and ejects a large
amount of silica. The actual composition of the spinel, the amount of silica ejected from
metakaolin, and the development of an amorphous binary aluminosilicate phase are
subjects under debate and are beyond the scope of the current work [18-21]. This
controversy has lead to disputes over the thermal transformation temperatures and
mechanisms leading to the final crystalline phase assemblage, which consists of mullite
and cristobalite. However, most authors agree that mullite formation occurs between
1050°-1250°C and cristobalite formation occurs ≈1300°C [22, 23].
o

450-600 C
Al 2 O 3 ·2SiO 2 ·2H 2 O ⎯⎯
⎯⎯→ Al 2 O 3 ·2SiO 2 + 2H 2 O (v)
Kaolinite
Metakaolin + Water

o

C
Si 4 Al 4O14 ⎯950⎯ 1000
⎯⎯
→ Si 3 Al 4O12 + SiO 2
Metakaolin
Spinel + Silica

o

1250 C
SiAl 2O 4 ⎯1050⎯⎯
⎯
⎯→ 1/3(3Al 2O 3 ·2SiO 2 ) + 1/3SiO 2
Spinel
Mullite
+ Silica

(1)

(2)

(3)
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o

(4)

C
SiO 2 ⎯1300
⎯⎯
→ SiO 2
Silica
Cristobalite

Since the term bauxite is applied to a compositional range rather than a specific
compound of known composition, it is impossible to describe the sintering behavior of all
bauxites with one set of thermal transformations. However, since the majority of bauxite
is either monohydrated or trihydrated alumina, the thermal transformations within a
bauxite ore may include any one, or combination of, the paths presented in Equations 5-9.
From these equations it can be seen that different modifications of hydrated alumina
undergo a series of thermal transformations from one transitional alumina to another until
finally converting to alpha alumina at sufficiently high temperatures (≈ 1000°C) [24].
−800 C
α − AlOOH (diaspore ) ⎯700
⎯⎯
⎯→ α − Al 2 O 3
o

o

(6)

300 −500 C
700 −800 C
γ - AlOOH(boehmite) ⎯⎯
⎯⎯→ γ ⎯⎯
⎯⎯→ δ ...
o

o

o

(5)

o

−1100 C
900 −1000 C
...δ ⎯⎯
⎯⎯
⎯→ θ ⎯1000
⎯⎯
⎯⎯→ α − Al 2 O 3
o

o

o

o

−800 C
C
C
5Al 2O 3 ⋅ H 2O (tohdite) ⎯700
⎯⎯
⎯→ κ ' ⎯750
⎯⎯
→ κ ⎯900
⎯⎯
→ α − Al 2O 3

(7)

− 300 C
− 750 C
C
γ - Al(OH) 3 (gibbsite) ⎯150
⎯⎯
⎯→ χ ⎯650
⎯⎯
⎯→ κ ⎯1000
⎯⎯
→ α − Al 2O 3

(8)

o

o

o

o

o

o

o

o

o

− 300 C
−800 C
−1100 C
α - Al(OH) 3 (bayerite) ⎯200
⎯⎯
⎯→η ⎯600
⎯⎯
⎯→ θ ⎯1000
⎯⎯
⎯⎯→ α − Al 2O 3
o

o

o

o

o

o

(9)

One of the primary difficulties in obtaining precise descriptions of the thermal
transformation sequences in kaolinite and bauxite is the presence of impurities. Although
kaolinite and bauxite samples selected for basic scientific analysis are usually close to an
ideal composition or composed of a designated hydrate modification, the reality is that
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factors such as crystallinity and impurity concentration confound comparisons from
different studies for samples drawn from different sources. Such differences, like the
presence of alkaline and transition metal oxide impurities, are often the cause of
discrepancies in transformation temperatures [8, 25, 26].

As a result, experiments

conducted during this research effort will be carried out on blends derived from
designated feedstocks to ensure that sample variation in composition is limited to the
dopant concentration, permitting the influence of the dopants on microstructural and
crystalline phase evolution to be interrogated.

2.3 Previous Aluminosilicate Derived Proppant Research
Previous studies of kaolinite and bauxite-derived proppants have revealed that
microstructural and crystalline phase evolution can be tailored to obtain high specific
strength by manipulating process parameters such as sintering temperature, soak time,
and heating rate [27]. A significant finding of this research was that using fast heating
rates to fire kaolinite derived aggregates resulted in high specific strength aggregates.
Fast firing kaolinite derived aggregates resulted in crystalline phase assemblages with
high mullite concentrations accompanied by fine microstructures.

These aggregates

exhibited a 25% increase in strength, making them comparable to the strengths of bauxite
derived aggregates while maintaining significantly lower densities (≈2.8 vs 3.8g/cc).
Despite successful development of high specific strength aggregates, temperatures of
1550°C were required to enhance strength. As a result, use of dopants to modify or
promote liquid formation during sintering to enhance low temperature densification is of
significant interest.
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2.4 Rationale for Promoting Liquid Phase Sintering
The driving force for consolidation within a particulate body during sintering is the
reduction of surface, which occurs through mass transport mechanisms leading to either
an increase in average particulate size (coarsening) or elimination of solid vapor
interfaces through the formation and continued growth of grain boundaries (densification)
[28]. Mechanisms resulting in the latter of these phenomena are of interest because
aggregate strengths are limited by internal porosity. A list of the mechanisms responsible
for coarsening (1 through 3) and densification (4 and 5) are presented in Table 1 and a
two-sphere model illustrating the direction of mass transport is presented in Figure 3.
Based on the data in Table 1 and Figure 3, only mechanisms involving mass transfer from
the grain boundary actually contribute to densification. Therefore, only mechanisms 4
and 5, which are illustrated in Figure 3b, promote densification. All of these mechanisms
take place simultaneously during the initial stages of solid state sintering, but the overall
behavior of the particulate compact is dominated by the fastest mechanism.
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Table 1. Mass transport paths present during the initial stages of solid state sintering [28]

Mechanism
1
2
3
4
5
s

Transport Path
Vapor Transport
Surface Diffusion
Lattice Diffusion
Grain Boundary
Lattice Diffusion

1
n
n

4

3

5

g
n

s

2

s

(a)
(b)
Figure 3. Two sphere model illustrating mass transport mechanisms contributing to coarsening (a)
and densification (b). Mass is either transported from either the surface (s) or grain
boundary (g) to the neck (n) (after [28]).

Solid state sintering can be divided into three separate stages based on the geometry of
the pores between individual particles. The initial stage of sintering is represented by a
two sphere model, as seen in Figure 3, and involves the formation of a solid neck
between particles leading to an increase in relative density from 60% (nominal green
body density) to 65%. These particle contacts continue to grow during the intermediate
stage causing the pores to form continuous channels beside the particles, which are often
depicted as tetrakaidecahedron (see Figure 4). During the final stage of sintering, the
continuous network of pore channels become “pinched” off and are frequently left at
grain boundaries and triple points. Whether or not these pores are eliminated with nearly
theoretical density achieved depends on the amount of driving force remaining within the
system to reduce the free energy associated with surface area. Pores are often left after
solid state sintering because of packing defects in the green body or lack of driving force
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for densification due to particle or grain coarsening. In order to obtain more uniform
densification at lower sintering temperatures, liquid phases are often introduced during
the sintering process.

Sinter
Body

Pore
Channels
Isolated Pores
(a)
(b)
Figure 4. Tetrakaidecahedron are representative of particles during intermediate stage of solid state
sintering (a). Pore channels running along the edges of a tetrakaidecahedron become
closed during the final stages of sintering leaving isolated pores at triple points (b) (after
[28]).

By introducing liquids during the sintering process, densification can occur more easily
and at lower temperatures. The formation of liquids during sintering facilitates rapid
particle rearrangement by reducing friction at particle contacts and imposing capillarityinduced forces to aid rearrangement. Large extents of densification can occur very
rapidly as particles are rearranged by capillary forces between particles. At higher
temperatures, additional densification competes with coarsening mechanisms via
solution-precipitation processes. Coarsening is observed when mass located at high
energy, convex surfaces is transported through solution to low energy, concave surfaces
such as particle necks in a fashion similar to the vapor transport mechanism described by
(1) in Figure 3. However, mass transport through solution-precipitation processes also
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expedites the migration of mass from interparticle contacts to areas of lower free energy
(e.g. sinter necks), thereby aiding densification.

There are two requirements for

successful liquid phase sintering; 1) the liquid must wet the particles, 2) there must be
solid solubility between the particle and the liquid. Figure 5 presents an illustration of the
densification behavior that occurs during liquid phase sintering. As can be seen in Figure
5, the final stage of sintering is primarily solid state sintering via mass transport from
regions of solid-solid contact in the rigid skeleton of particles resulting from particle
rearrangement. The densification rate is much slower in this regime, but a great deal of
densification has already occurred during the earlier stages of sintering. Rapid, early
stage densification gives liquid phase sintering a considerable advantage over solid state
sintering, and manufacturers often use additives to promote liquid phase sintering for this
reason.

Figure 5. Stages of densification during liquid phase sintering [28]
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2.5 Rationale for Dopant Selection
The kaolinite and bauxite-derived aggregates considered in this study are known to
develop liquid phases during the sintering process. However, potassia (K2O) and iron
oxide (Fe2O3) additives are expected to further modify and enhance liquid phase
development. Potassia has been selected as a dopant because it is a known flux for silica
phases, which are often initially present in the raw materials as quartz or evolved during
sintering. Fluxes are added to promote low temperature liquid phase formation and the
potassia-alumina-silica ternary phase diagram presented in Figure 6 [7] exhibits a ternary
eutectic at 985°C, indicating that potassia additions will significantly enhance liquid
content within the aluminosilicate aggregates. The resulting liquid is expected to have a
low viscosity, due to potassia’s well-known role as a network modifier in silicate glasses,
and subsequently enhance densification via rapid particle rearrangement within a low
viscosity glass matrix [5].
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Ternary Eutectic
at 985°C

Equilibrium
Composition of
Doped Materials

Weight %
Figure 6.

Ternary phase diagram for K2O-Al2O3-SiO2 ternary system (wt%) [7]. Equilibrium
composition of kaolinite and bauxite experimental blends are within the shaded area of
the diagram.

Iron oxide additions are also expected to enhance the liquid phase sintering process, but
in a different way. The iron oxide-alumina-silica phase diagram is presented in Figure 7
and reveals a low temperature eutectic at 1380°C [7]. As with the eutectic within the
potassia-alumina-silica phase diagram, the equilibrium compositions of the kaolinite and
bauxite ores considered in this study are far from this ternary eutectic composition.
However, localized chemical environments surrounding the dopant particles will
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approximate these ternary compositions and promote liquid formation. Unlike potassia
additions, however, it is anticipated that the liquid phase resulting from iron oxide
additions will subsequently be consumed by surrounding crystalline phases like mullite
and corundum during the latter stages of sintering due to their large solid solubility limits
for ferric (Fe3+) iron. As a result, iron oxide additions are expected to result in transient
liquid phase sintering, thereby limiting residual glass at grain boundaries, which is often
deleterious to strength.

Ternary Eutectic
at 1380°C
Equilibrium
Composition of
Doped Materials

Weight %
Figure 7. Ternary phase diagram of the Fe2O3-Al2O3-SiO2 system (wt%) [7]. Equilibrium
composition of kaolinite and bauxite experimental blends are within the shaded area of
the diagram.
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In addition to enhancing densification, potassia and iron oxide additions are also
anticipated to influence the thermal transformations and final crystalline phase
assemblages of the kaolinite and bauxite derived aggregates. Previous studies have
shown that mullitization (i.e. mullite formation) in kaolinite is enhanced by the presence
of potassia and iron oxide [8, 29]. The influence of potassia was attributed to the
development of a low viscosity glass phase during sintering, which accelerated mass
transport and the growth of mullite grains. It has also been shown that cristobalite
formation, which is deleterious to mechanical properties, can be inhibited with sufficient
concentrations of potassia because the cristobalite grains become fluxed by the liquid
phase formed during sintering [8].

Literature regarding the effects of dopants on the crystalline phase evolution within
bauxites with compositions similar to those analyzed in this study is limited due to the
wide range of possible chemistries in bauxite and the fact that bauxite is typically refined
before being used in many industrial processes. However, mullite formation in bauxite
will likely follow the same reaction route as mullite prepared by reaction between
alumina and silica, or secondary mullitization as it is sometime called [22, 25, 30]. This
process relies on the interdiffusion of alumina and silica complexes, which occurs at
elevated temperatures. Studies involving mixtures of alpha alumina and kaolinite have
revealed that alpha alumina is typically inert up to ≈1300°C. Above this temperature,
alumina begins to diffuse into silica, causing it to dissolve and form a metastable
aluminosilicate liquid [22, 31]. When the liquid becomes saturated with alumina, mullite
crystals nucleate and grow along the alumina grains and assume their morphology until
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solution-precipitation reactions with the surrounding liquid become dominant and the
mullite grains recrystallize to assume an acicular morphology [8]. Additions of potassia
and iron oxide are expected to promote ionic mobility and, hence, diffusion within
bauxite to enhance mullite content.

Iron oxide doped aggregates will also be subjected to controlled atmosphere studies to
determine the influence of the oxidation state of iron on the sintering behavior as well as
microstructural and crystalline phase evolution. The ferrous iron oxide-alumina-silica
ternary phase diagram is presented in Figure 8 [7] and reveals an even lower temperature
eutectic (1150°C vs. 1380°C), which is expected to further enhance low temperature
densification in kaolinite and bauxite-derive aggregates. However, the larger size of the
ferrous iron cation (0.77 vs. 0.65Å) dramatically limits the solid solubility of iron in the
surrounding crystalline phases, which may negate the benefits of a transient liquid phase
[10].

The resulting intergranular phase may be glassy and possibly deleterious to

mechanical properties, so subsequent thermal treatment in air to oxidize the ferrous iron
cations may be required to devitrify the intergranular glassy phase and draw iron into
solid solution with the surrounding microstructure.
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Ternary Eutectic
at 1150°C

Equilibrium
Composition of
Doped Materials

Weight %
Figure 8.

Ternary phase diagram for the FeO-Al2O3-SiO2 system [7]. Equilibrium composition of
kaolinite and bauxite experimental blends are within the shaded area of the diagram.

As stated in the introduction, preliminary controlled atmosphere sintering studies
conducted on kaolinite and bauxite aggregates doped with iron oxide have indicated that
varying the oxidation state of iron results in the development of an iron-rich liquid during
sintering.

However, as shown in Figure 1, the development of highly segregated

microstructure under reducing atmosphere and subsequent development of a core-shell
microstructure after secondary thermal treatment in an oxidizing atmosphere is an
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unexpected result. Although oxidation gradients have been observed in clays fired under
varying conditions, very little literature is available at this time that describes similar
microstructure occurring in kaolinites and bauxites that are processed at similar
temperatures and intended for a structural application [32]. As a result, the potential
significance that these complex microstructures have for an array of industrial application
has been protected by a provisional patent and further studies have been executed to
understand the science driving these microstructures and facilitate production of
aggregates engineered toward higher specific strengths [11].

2.6 De-Sintering in Iron Oxide Doped Aluminosilicates
Pore evolution during secondary thermal treatments under oxidizing conditions within
iron-doped aggregates, which were previously sintered under reducing conditions, has
significant implications for the final physical and mechanical properties of the
aggregates. However, pore evolution during sintering seems counterproductive since the
goal of sintering is typically to consolidate particles in a dense body by eliminating solid
vapor interfaces. Since pores are the strength limiting flaws within the aggregates, pore
development is expected to degrade strength. However, if the pore size is kept small
relative to a critical flaw size, and a large number of subcritical pores are generated, then
the apparent density of the aggregate may be lowered without significantly degrading the
strength of the aggregate [11]. In order to accomplish this, the reaction responsible for
pore evolution must be identified.
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Pore development has been reported in other sintering studies of iron oxide containing
aluminosilicates and has been attributed to the dissociation of hematite, which is
described by Equation 10 [22, 33, 34].

o
C
⎯⎯
→ 2 Fe3O4 + 1 O2
3Fe2O3 ⎯1380
2

(10)

Equation 10 is also presented in the JANAF Thermochemical Database for hematite and
results of sintering studies conducted on iron doped materials during this research effort
have revealed significant pore development with increasing temperature and iron oxide
concentration, which correlates well with the aforementioned studies and indicates that
pore development is the result of hematite dissociation [35]. Analysis of the ferrous
oxide (FeO) – ferric oxide (Fe2O3) phase diagram (see Figure 9) indicates that magnetite
is the stable phase under atmospheric conditions as sintering temperatures exceed 1380°C
[7], which further supports the hematite dissociation reaction presented in Equation 10.

Overall, the literature and the results of doping studies conducted on iron oxide doped
aggregates during this research effort indicate that hematite dissociation is operative
during sintering.

In the course of studying the reaction sequences under various

controlled atmospheres that lead to the core shell microstructure, the kinetics of hematite
dissociation and subsequent pore evolution will be analyzed and compared to trends in
strength to determine if pore evolution can be manipulated to produce high specific
strength aggregates.

25

Hematite Dissociation
Temperature ≈1380°C

Weight %
Figure 9. Ferrous oxide-Ferric oxide (FeO-Fe2O3) phase diagram [7]. Shaded circle on AIR oxygen
isobar indicates magnetite (Fe3O4) as the stable phase as temperatures exceed 1380°C
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2.7 Aggregate Strength Evaluation via Diametral Compression
Since strength is a key property for aggregates intended for hydraulic well fracture, a
suitable test for strength determination is required [36].

For this research effort,

diametral compression was selected to measure the strengths of aggregates because this
test method can provide reliable strength measurement of spherical ceramic bodies
without additional sectioning or sample preparation that may introduce extraneous error.
Similar test requirements for mining and strata control were the impetus for work done by
Hiramatsu and Oka [37], denoted herein as HO, who developed the stress equations used
to evaluate diametral compression tests. During the original work by HO [37] using the
frozen stress method of photoelasticity, similar stress-states were observed in the vicinity
of the loading axis between spherical and irregular shaped epoxy specimens under
compression between concentrated load points. This offered assurance to HO that further
theoretical calculations on the stress-states within a spherical body would be applicable to
irregular test specimens. Since rocks are typically irregular in shape, this was essential to
the HO development of a test method for the rapid determination of the tensile strength of
rock. The stress components in a sphere under diametral compression, with reference to
the spherical coordinates used by HO [37], are presented in Figure 10.
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Figure 10. Stress components in a sphere with reference to spherical coordinates (after [37])

HO derived a series solution for the stress-state within a spherical body subjected to
diametral compression between concentrated loads. The solution is presented as equation
11 with an axial profile of the theoretical tensile stress is shown in Figure 11. Equation
11 gives the value of σθ at any point within a sphere of radius R when compressed
symmetrically with the same uniform loading force, F, acting over two spherical caps
defined by the angle 2θo. Poisson’s ratio is defined by ν and the term Pn(cos θ) denotes
the Legendre coefficient of order n. The definition of the P’n(cos θ) term is given in
equation 12. Additional equations and operations, such as the differentiation of the
reccurrence formula for the Legendre polynomials and the selection of cos θ =1 as a
boundary condition, are described elsewhere [38]; these steps permit the value of σθ to be
calculated at any point along the axis of compression following equation 11 and enable
the axial stress profile presented in Figure 11 to be calculated (tensile and compressive
stresses are denoted as positive and negative values, respectively).
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(11)

(12)

σ θ = 1 .4

Figure 11.

F
F
= 0 .9 2
2
2πR
d

(13)

Profile of tensile stresses developed perpendicular to compression axis in sphere under
compression (after [37]). Full radius and fractional radius denoted as R and r,
respectively. An example contact radius is illustrated and denoted ac.
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From Figure 11, it can be seen the load is distributed over the angle 2θo. HO observed
similar stress profiles for θo = 0, 3, and 5°. Based on this, HO proposed that any one, or
combination, of the following three phenomena may occur: 1) tensile fracture due to the
stresses over the mid plane of the sphere (σθ), 2) crushing due to the large compressive
stresses near points of loading, 3) compressive fracture due to radial stresses over the
entire distance between the two points of loading (σr). Subsequent testing revealed
fractures consistent with the tensile scenario (see Figure 12), although there was some
evidence of crushing near the loading points on some samples. Equation 13 was derived
from Figure 11 by HO to express the tensile stress, σθ, that develops perpendicular to the
compression axis as a function of the load, F, and the radius, R, or diameter, d, at failure.
The load factor 1.4 corresponds to the approximate peak stress when the load is
distributed over 2θo ≈ 10°.

During preliminary tests, fragments of aggregates tested in diametral compression were
retained and revealed fractures consistent with tensile fracture over the mid plane of the
aggregate (see Figure 12). This is consistent with the expected mode of failure, which is
from internal flaws, such as pores, in tension, and offers further validation in selecting the
diametral compression method for evaluating aggregate strengths.
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Figure 12. Secondary electron micrographs illustrating typical fracture surfaces and indicating
failure emanating from internal flaws (arrows indicate a fracture origin)

In summary, the existing literature regarding iron oxide, potassia, and the starting
materials, kaolinite and bauxite, indicate that low temperature densification and mullite
content can be enhanced by doping. This would result in simultaneous improvements in
process economy and product quality since lower sintering temperatures could be used to
fabricate high specific strength aggregates. In addition, controlled atmosphere studies are
anticipated to reveal the influence of iron oxidation state in the development of unique
microstructures that have potential for application in a broad array of industrial
applications.

For this study, the focus will be interrogating the reaction sequence

responsible for the core-shell microstructure and manipulating reaction kinetics to tailor
the aggregates toward higher specific strengths.
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3.0 Hypothesis and Work Statement
Manipulation of raw material chemistry and sintering atmosphere is expected to enhance
low temperature densification and tailor the crystalline phase assemblages of aggregates
intended for proppant applications by modifying and enhancing liquid phase sintering
mechanisms.

In doing so, the process economy of high specific strength proppant

fabrication should be improved and produce aggregates with unique microstructures ideal
for a wide array of industrial applications.

A statistically designed set of experiments that vary dopant concentration over a range of
sintering temperatures consistent with current manufacturing capabilities will be executed
to interrogate the role of potassia and iron oxide on the densification and crystalline phase
evolution of kaolinite and bauxite derived aggregates. Crystalline phase assemblages will
be determined via semi-quantitative X-ray diffraction while microstructures will be
evaluated from backscattered electron images and electron dot maps collected via
scanning electron microscopy.

Result of these studies will be correlated with

measurements of apparent and true density as well as strength in order to assess the effect
of doping on the final physical and mechanical properties of the aggregates. Similar
rounds of characterization will be performed to evaluate manipulation of redox chemistry
via controlled atmosphere sintering.

Determining heterogeneous gas-solid reaction

kinetics driving the formation of core-shell microstructures should permit control over
relative density and subsequently affect specific strength. Overall, the thrust of this work
is aimed toward enhancing low temperature densification to facilitate more economic
production of aggregates with high specific strengths intended for proppant applications.
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4.0 Experimental Procedure
4.1 Materials Evaluated
All experimental proppant formulations were blended and pelletized by the sponsor,
Carbo Ceramics 1 , from commercially available kaolinite and bauxite feedstock before
being submitted to Penn State for sintering studies.

The raw materials were dry

processed, which consisted of being ball milled to <30μm particle size before being
blended via jet milling to designated concentrations of potassia (K2O) and iron oxide
(Fe2O3). Final blends were intended to contain alumina concentrations of 72 and 48wt%
for bauxite and kaolinite blends, respectively, as well as the desired concentrations of
potassia and iron oxide.

These alumina concentrations were selected because they

represent a bauxite blend of relatively low alumina concentration and a kaolinite blend
with a typical alumina concentration, respectively. In particular, the bauxite experimental
blend is comparable to the CarboProp™ and Carbo HSP™, which are commercially
available bauxite derived proppants1, while the kaolinite experimental blend is
comparable to Carbo EconoProp™ and CarboLite™, which are commercially available
kaolinite derived proppants1.

Blending experimental proppant formulations from

specified feedstocks ensured that the influences of potassia and iron oxide would be
isolated for study. Potassia and iron oxide concentrations were varied through additions
of potassium carbonate (K2CO3) and hematite (Fe2O3) obtained from Laguna Clay Co. 2
and E&B Inc. 3 , respectively. The dopant particles were approximately 0.5μm in size and
were added by jet milling. All experimental blends were pelletized in a rotary mixer and

1

Carbo Ceramics Inc.; New Iberia, Louisiana
Laguna Clay Co.; City of Industry, California
3
E&B Inc.; Houston, Texas
2
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sized to an 18/40 sieve size fraction so the aggregates would be within the 20/40 sieve
size fraction after sintering. The numbers used to describe the sieve size fraction are the
standard U.S. sieve sizes through which the particles will pass and be caught,
respectively. A sieve size fraction of 20/40 (420-841μm) was deemed most appropriate
for this study, as it is one of the most common among commercially available proppants.

4.2 Materials Characterization
This research effort is a multi-faceted study intended to interrogate the influence of
potassia, iron oxide, and redox chemistry on the sintering behavior of kaolinite and
bauxite derived proppants. Although there are different components of this study, many
of the characterization techniques used to interrogate the resulting materials are similar
and the purpose of this section is to discuss common techniques and procedures.
4.2.1 Chemical Analyses
Chemical analyses were performed by Activation Laboratories (ActLabs) 4 by inductively
coupled plasma spectroscopy using an optical emission spectrometer. The procedure
supplied by ActLabs indicated that samples were mixed with a flux of lithium metaborate
and lithium teraborate and fused in an induction furnace. The melt was then poured into
a solution of 5% nitric acid with an internal standard and mixed continuously until
completely dissolved (~30minutes).

Samples were analyzed for major oxides and

selected trace elements using a combination simultaneous/sequential inductively coupled
plasma spectrometer 5 .

4
5

Results of sample analysis were accompanied by results of

Activation Laboratories LTD; Ancaster, Ontario
Spectro Cirrus ICP, SPECTRO Analytical Instruments; Kleve, Germany
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internal calibration standards, which indicated that experimental error varied with
element and concentration, but was typically ≤ 2%.
4.2.2 Glass Quantification
Due to the well known difficulty in quantifying glass content by X-ray diffraction, a
dissolution technique developed for quantifying residual glass in fly ashes consisting of
mullite, cristobalite, and quartz was employed [39]. Sintered samples were ground <
40μm particle size, weighed, and then subjected to the dissolution technique.

The

amount of weight loss was taken to be the weight percent of amorphous content in the
material. Replicate trials indicated the precision was approximately ± 1wt%.

4.2.3 X-ray Diffraction
Crystalline phase assemblages of sintered and raw materials were determined by X-ray
diffraction of powdered samples. Powders were ground in a Spex mill 6 and sieved until
all powder was less than a particle size of 150μm. The powder was then placed on a zero
background quartz slide and placed in a diffractometer 7 . Step scans of 0.02°2θ with
count times of 0.5 seconds were performed from 14° to 65° 2θ using copper Kα X-rays
(wavelength = 1.5405 angstroms) at a power setting of 30kV and 30mA current. A liquid
nitrogen cooled germanium solid-state detector was used to detect the diffracted X-rays.

The data from diffraction scans were plotted as intensity of the diffracted beam in counts
per second (cps) versus the 2θ angle of the detector. Peaks were electronically cross-

6
7

Spex model 8000 Mixer/Mill, Spex Centiprep; Metuchen, NJ
Scintag Pad V, Scintag Inc.; Cupertino, CA
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referenced with those found in the powder diffraction files from the International Center
for Diffraction Data (ICDD, often referred to as JCPDS files) 8 . The ICDD files were
searched until matches could be made, and the major, minor, and trace phases within the
sample could be identified. Phases identified during this study are presented with their
chemical formula and corresponding ICDD file number in Table 2. ICDD card files for
the phases presented in Table 2 are located in Appendix A.

Table 2. Names and chemical formulas for crystalline phases identified by XRD
Phase
Kaolinite
Quartz
Anatase
Rutile
Mullite
Cristobalite
Hematite
Pseudobrookite
Corundum
Tieilite
Ulvospinel
Magnetite
Hercynite
Iron
Ilmenite
Iron Titanium Oxide
Maghemite
Fayalite

8

Formula
Al2Si2O5(OH)4
SiO2
TiO2
TiO2
Al6Si2O13
SiO2
Fe2O3
Fe2TiO5
Al2O3
Al2TiO5
Fe2TiO4
Fe3O4
FeAl2O4
Fe
FeTiO3
FeTi2O5
Fe2O3
Fe2SiO4

ICDD #
14-0164
46-1045
21-1272
21-1276
15-0776
39-1425
33-0664
41-1432
46-1212
41-0258
34-0177
19-0629
34-0192
6-0696
29-0733
1-076-2372
39-1346
34-0178

International Center for Diffraction Data; Newton Square, Pennsylvania
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Diffraction peaks were quantitatively analyzed by a technique that uses the relative
intensity ratios of the phases present to corundum [40]. Analytical XRD software was
used to identify and fit peaks to facilitate crystalline phase quantification 9 . The area
under the identified peaks for each phase was determined and used in conjunction with
the relative intensity data for the phase against corundum (ICDD # 46-1212) to compute
the weight percent of the phase present in the sample, using equations 14-17:

c1 = 1 / ((r1*i2/r2*i1) + (r1*i3/r3*i1) + 1)

(14)

c2 = (r1*i2/r2*i1)c1

(15)

c3 = (r1*i3/r3*i1)c1

(16)

c1 + c2 + c3 = 1

(17)

The numbers following each variable in these equations represent the phase that is being
considered for that variable. For each of the above equations, c, refers to the weight
percent of the component, or phase, of interest. The variables r and i refer to a phase’s
relative intensity to that of corundum and the area under the curve for that phase’s
characteristic peak, respectively. The last equation assures that the addition of the weight
percentages of the present phases does not exceed 100%. The precision of this technique
has been demonstrated to be, conservatively, 5 weight percent [40].

9

JADE by Materials Data Incorporated; Livermore, California
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4.2.4 Microstructure
Aggregates were mounted for microscopy in a low viscosity epoxy 10 , which was poured
into cold mounting cups containing aggregates while under a vacuum that was released
after several minutes. The subsequent increase in pressure within the chamber helped to
drive the epoxy between the aggregates and into surface asperities. This technique was
done to ensure that the pores and surface asperities of the proppants were fully
impregnated by the epoxy, thereby limiting the extent of pullout during grinding and
polishing.

After the mounted proppants cured overnight, they were subjected to the following
grinding and polishing schedule:
74-micron resin bonded diamond grinding wheel
33-micron resin bonded diamond grinding wheel
11-micron resin bonded diamond grinding wheel
6-micron diamond suspension on polishing cloth 11
3-micron diamond suspension on polishing cloth11
1-micron diamond suspension on polishing cloth11
All of the prescribed polishing steps were carried out on an auto polisher 12 . The grinding
steps required running water over the grinding wheels and a constant load of 15-20lbs
from the auto polisher. The polishing steps were carried out at a smaller load of 10-15lbs
and required only the occasional application of diamond suspension and extending oil to
the polishing cloths.

10

Buehler Epo-Thin Low Viscosity Epoxy; Lake Bluff, Illinois
Allied High Tech Imperial Cloth; Rancho Dominguez, California
12
Allied High Tech Auto Polisher; Rancho Dominguez, California
11
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Microstructural and compositional data were gathered from back-scattered electron
(BSE) images and electron probe microanalysis (EPMA) of samples that had been
polished and carbon coated. An environmental scanning electron microscope 13 (ESEM)
was used to collect BSE images from representative areas of the samples. One of the
advantages of using the ESEM was the low vacuum mode, which alleviated sample
charging. In addition, the ESEM was outfitted with an energy dispersive spectrometer
(EDS), which permitted qualitative elemental analysis from regions of interest on the
sample. Elemental dot maps were constructed using EPMA 14 via wavelength dispersive
spectroscopy to determine the distribution of aluminum, silicon, potassium, iron, and
titanium within the microstructure.
4.2.5 Density
There are two types of density of interest in this study, apparent and true. Apparent
density measurements include the volume of the aggregate and any enclosed porosity.
Apparent densities were measured by weighing small aliquots of sintered aggregates and
subjecting them to helium pycnometry15 , which consists of differential measurements of
gas pressures between an empty chamber and a sample chamber. Helium atoms infiltrate
the spaces between particles as well as any surface asperities, providing an accurate
volume measurement of the aggregate and enclosed porosity. Dividing the mass of the
aliquot by this volume yields the apparent density, which can be used with the true
density to obtain the relative density.

13

FEI Quanta 200 ESEM; Hillsboro, Oregon
Cameca SX 50; Trumbull, Connecticut
15
Micromeritics Helium Autopycnometer 1320; Norcross Georgia
14
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True density measurements were also performed using helium pycnometry. However,
unlike apparent density, true densities only include the volume of the solid phase.
Therefore, true densities of the samples could only be measured after samples had been
ground to remove any internal porosity. To accomplish this, samples were ground in a
mill until the resulting powder passed through a size 325 sieve (<40μm). After grinding
and sieving, the sample was measured by helium pycnometry as discussed previously for
apparent density measurements. Results of true density measurements were compared
with calculated densities based on the crystalline and amorphous phase content
determined by XRD and glass analysis, respectively. After normalizing to include glass
content, the calculated densities were determined using the rule of mixtures. Densities of
crystalline phases were assumed to be the theoretical densities indicated by the
corresponding ICDD files and the density of glass was assumed to be 2g/cc [22]. In
addition to the error associated with the crystalline and glass content analyses, the solid
solubility for various constituents between the crystalline phases and the wide range of
possible glass compositions contributed to error in calculated densities and occasionally
resulted in significant deviations between true and calculated densities. Nevertheless,
calculated densities were often in relatively good agreement with measured values of true
density, which suggests that these assumptions were valid. Once apparent and true
densities of a sample were obtained, the relative density was determined by dividing the
apparent density by the true density.
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4.2.6 Strength
Aggregates selected for strength testing were first examined under a stereomicroscope to
ensure identical specimen geometry for strength testing and forty of the most
representative particles were selected. The diameter of each proppant was measured with
micrometers 16 and then placed between two non-compliant, silicon-carbide platens 17
(E=378GPa), which were secured to the upper and lower platens of an Instron 18 with
double-sided tape. The Instron was fitted with a 1000N load cell with the experimental
setup shown schematically in Figure 13.

Figure 13. Diametral compression test fixturing

Once the proppant was secured in place, the upper platen was lowered and stopped just
before making contact with the proppant; the test was started by activating the Instron
through its computer control interface and performed at a crosshead speed of
0.127mm/min. The extension of the crosshead and the load were recorded until the
failure of the proppant occurred. Load-time traces were electronically recorded for all
tests and in all cases the proppant failed catastrophically after exhibiting linear-elastic
loading behavior (see Figure 14).
16

Fowler & NSK Digitrix II Micrometers; Newton, Massachusetts
Coors SCRB210 reaction bonded silicon carbide, Coors Ceramics; Golden, Colorado
18
Instron Model 4202; Norwood, Massachusetts
17
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Figure 14. Load-time trace for and aggregate tested under diametral compression

The test was considered complete upon the failure of the proppant with the deflection of
the bead determined from the excursion of the crosshead between the first detectable
signs of loading and failure assuming an ideally stiff test fixture (compliance = 0). This
allowed the tensile strength, σf, of the spherical proppant to be calculated using Equation
18, where F is the load at failure in Newtons and d is the diameter at failure in
millimeters, which is determined by subtracting the deflection from the originally
measured diameter. Large compressive forces are present near the load contacts, but
uniform tensile forces are distributed throughout the central part of the sphere. This
localization of tensile stress at the center of the proppant, oriented perpendicular to the
applied loading axis, leads to the expected failures from internal flaws in tension (See
Figure 15).

σ f = 0 .9 F / d 2

(18)
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Figure 15. Tensile stress state in proppant interior during diametral compression

Strength distributions of forty aggregates from different experimental blends and
sintering conditions were measured, tabulated, and analyzed using Weibull statistics [41].
Weibull statistics stem from a theory referred to as the weakest link theory. A simple
example of the weakest link theory is the strength of a chain. The strength of any chain is
limited by its weakest link. Similarly, the strengths of the ceramic aggregates considered
here are limited by their largest flaws, which are typically bulk internal flaws like pores.

Weibull recognized that continuously random variables representing values like the yield
strength of steel, or in this case the fracture strength of aggregates, are best expressed by
what is now known as a Weibull distribution. The original distribution proposed by
Weibull was a three-parameter distribution given by equation 19.

Fv = 1 – exp(-∫V((σ - σu)/σO)mdV)

(19)
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This relates the cumulative probability of failure (Fv) to the uniaxial tensile stress (σ) of a
unit volume (dV) at the time of failure. The exponent, m, is the Weibull modulus and
indicates the variability of the strength measurement as mentioned earlier. Typical values
for ceramics range between 5 and 20 [42].

The σO term is the Weibull material scale

parameter. If the equation accurately describes the strength distribution, then σO can be
described as the Weibull characteristic strength for a specimen with unit volume loaded
in uniform uniaxial tension. In order for the exponent, m, to be dimensionless, the units
of σO must account for volume. As a result, σO has units of stress*(volume)1/m. The third
parameter, σu, is the threshold stress, or stress below which failure does not occur.
However, it is common to assume σu= 0 in brittle materials [43]. This leads to the more
conventional two parameter Weibull distribution.
In the general case, where stress is a function of position in a body, the integration of the
two parameter Weibull distribution leads to equation 20.
Fv = 1 – exp(-KvV(σf/σO)m)

(20)

where K is a dimensionless “load or structure” factor and σf is the maximum tensile
stress in the material at the time of failure. For pure tension, K is unity. The volume, V,
can be incorporated into σO to obtain equation 21.
Fv = 1 – exp(-(σf/σθ)m)

(21)

Here, σθ is the Weibull characteristic strength and has units of strength. Rearranging this
relationship and twice taking the natural logarithm results in the equation 22, which
describes the Weibull plot.
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ln(ln(1/(1-Fv))) = m ln σf – m ln σθ

(22)

From this relationship, a Weibull plot was constructed for a strength distribution. The
cumulative failure probability, Fv, was determined for each point in the distribution by
ordering all of the points from weakest to strongest. The rank of 1 was given to the
weakest point and the rankings increase by integers (2, 3, 4, etc.) until the strongest (also
the last) point is ranked. At this point, the cumulative failure probability of each point
was determined with equation 23.
Fv = (n – 0.5)/N

(23)

In this relationship, n is the rank of the data point and N is the total number of points in
the distribution. The size of the distribution, N, can play an important role in the
significance of the Weibull analysis. A widely cited rule of thumb is that N ≥ 30. As a
result, distributions of N=40 have been collected during this research effort.
Weibull plots are graphical representations of strength values in a Weibull distribution.
From these plots, important parameters like characteristic strength can be determined.
The characteristic strength occurs where ln(ln(1/(1-Fv))) = 0, which is nominally where
Fv = 63.2%. Weibull modulus is determined from the slope of a trend line fitted to the
Weibull distribution. Frequently the maximum likelihood estimator (MLE), which is an
iterative calculation that places less weight on outlying points, is used to fit trend lines to
Weibull distributions [43, 44].

Strength data collected in this work has been analyzed

with two parameter Weibull statistics and fitted with trend lines estimated by MLE to
determine Weibull modulus and characteristic strength.
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4.3 Dopant Studies
In order to interrogate the influence of potassia (K2O) and iron oxide (Fe2O3) on the
sintering behavior of kaolinite and bauxite, a statistically designed set of experiments that
varied the concentration of each dopant was developed. Concentration limits of the
dopants were based on phase relationships described by relevant ternary phase diagrams
with alumina and silica (see Figures 6 and 7). Concentrations of 5 and 0.5wt% were
selected for iron oxide (Fe2O3) and potassia (K2O), respectively, to remain within the
primary crystalline phase field of mullite. Concentrations exceeding the bounds of the
mullite primary crystallization field were selected at 10 and 1wt% for iron oxide and
potassia, respectively, to determine the effects of excess additions. In addition, co-doped
samples containing concentrations of 2.5wt% Fe2O3 and 0.25wt% K2O, and 5wt% Fe2O3
and 0.5wt% K2O were also explored to determine if any synergistic or antagonistic
effects existed between dopants. The experimental designs used for the kaolinite and
bauxite blends were almost identical, but the kaolinite blends included an extra
formulation that included 0.25wt% K2O.

Summaries of the experimental blend

compositions are presented in Tables 3 and 4 for kaolinite and bauxite, respectively.
Results of experimental trials will reference the compositional descriptions provided in
these tables.
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Table 3. Experimental blends considered for kaolinite doping study
Composition
Undoped
Low K2O

K2 O
0
0.25

Fe2O3
0
0

Medium K2O
High K2O
Low Fe2O3
High Fe2O3
Low CoDoped
High CoDoped

0.5
1
0
0
0.25
0.5

0
0
5
10
2.5
5

Table 4. Experimental blends considered for bauxite doping study
Composition
Undoped
Low K2O

K2 O
0
0.5

Fe2O3
0
0

High K2O
Low Fe2O3
High Fe2O3
Low CoDoped
High CoDoped

1
0
0
0.25
0.5

0
5
10
2.5
5

All experimental blends were subjected to a sintering schedule comparable to current
manufacturing parameters. Samples were heated at 16°C/min to a desired sintering
temperature and held for a 30min soak time before being cooled at ~80°C/min to 1100°C
and then to room temperature with the furnace. Cooling the sample initially at an
accelerated rate is done to simulate the temperature drop experienced by exiting a rotary
kiln.

The sintering temperatures were varied over a range consistent with current

manufacturing capabilities and included temperatures of 1450°, 1500°, and 1550°C.
Sintering studies of doped materials were conducted in a box furnace 19 heated by
molydisilicide elements. The furnace temperature profile was calibrated using an S-type
thermocouple.
19

Lindbergh Blue M Box Furnace; New Columbia, Pennsylvania
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4.4 Controlled Atmosphere Studies
Controlled atmosphere studies conducted under reducing conditions were executed in a
high temperature tube furnace 20 that was heated by molydisilicide elements and outfitted
with a 99.8wt% alumina tube. A description of the tube furnace is provided in Appendix
B, which illustrates the tube furnace as well as the quench assembly used to move
samples within the furnace. Forming gas containing 5vol% hydrogen balanced with
nitrogen flowed through the tube at ≈100mL/min. Samples were placed in 99.6wt%
alumina crucibles lined with graphite platens, to lower oxygen partial pressure, and
heated at 16°C/min to 1450°C for 30min. This heating schedule is similar to those
described for the doping studies. However, after sintering, samples were cooled at
8°C/min to 1000°C before being allowed to cool to room temperature with the furnace.
This prevented premature failure of the alumina furnace tube.

Further studies that

subjected reduced materials to subsequent thermal treatment under ambient conditions
(i.e. air) were carried out in the box furnace described for the doping studies. Samples
subjected to this second thermal treatment are termed “reoxidized” in this thesis.

Reaction sequences leading to the development of core-shell microstructures were
determined by performing interrupted sintering studies based on thermal analyses
obtained from simultaneous differential thermal and thermogravimetric analysis
(DTA/TGA) 21 of powdered samples (≈25mg).

Thermal analysis was performed on

powdered raw materials in air and under reducing conditions to determine the influence
of atmosphere. Materials that had been previously reduced in the tube furnace were also
20
21

Thermolyne 5450 High Temperature Tube Furnace; Dubuque, Iowa
SDTQ600 Simultaneous DTA/TGA, TA Instruments; New Castle, Deleware
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powdered and subjected to thermal analysis in air to determine thermal behavior during
reoxidation. Three replicate runs were performed under each experimental condition at
two different heating rates, 8°C/min and 16°C/min, up to 1450°C to determine if the
results were reproducible and whether or not heating rate had a significant affect. After a
30min. hold at 1450°C, the samples were allowed to cool with the furnace to room
temperature.

Results of thermal analysis were used to design interrupted sintering studies, which
revealed the reaction sequence of the materials under the different sintering atmospheres
considered. Samples were generated by interrupting aliquots of material before and after
the thermal events indicated by DTA/TGA traces during sintering. The aliquots were
characterized by XRD and ESEM to identify the thermal events indicated by DTA/TGA
studies. Results of XRD analyses were used to create paragenesis charts, which illustrate
the progression of crystalline phase evolution, while BSE micrographs collected at
varying magnifications via ESEM were compiled to reveal trends in densification and
microstructural evolution.

After interrogating the sintering behavior of iron doped kaolinite and bauxite under
varying oxygen partial pressures, the pertinent reactions leading to the development of
core-shell microstructures were identified and a number of different studies were
employed to determine reaction kinetics. Isothermal TGA studies were conducted under
three different reoxidation stages of interest by ramping previously reduced aggregates
(≈25mg) at 50°C/min to desired temperatures and holding for at least 3hrs to determine
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weight change behavior. Results of these studies were used to quantify the kinetics of
oxidation reactions indicated by TGA and XRD analysis. In addition to TGA, the
kinetics of core-shell development were also studied by subjecting previously reduced
aliquots of kaolinite and bauxite, ≈ 10mL in size, to isothermal holds for equal lengths of
the square root of time (4, 16, 36, and 64min.) at evenly spaced temperatures above
(1400°, 1450°, 1400°, and 1550°C) and below (1000°, 1100°, 1200°, and 1300°C) the
hematite dissociation temperature (1380°C). Portions of the resulting isothermal samples
were powdered and subjected to XRD analysis to determine the kinetics of oxidation
reactions based on crystalline phase evolution. Another portion of the samples were
subjected to microstructural analysis to determine the kinetics of core-shell development.
Evolution of core porosity in samples sintered above the hematite dissociation
temperature was quantified using an automated optical analyzer, which quantified the
microstructures via lineal, or Rosiwal, analysis [45, 46]. Results of the lineal analyses
were compared with relative density data based on apparent and true density
measurements and used to quantify the kinetics of de-sintering and the development of a
porous core in the iron doped kaolinite and bauxite derived aggregates during
reoxidation.

50

5.0 Results
5.1 Kaolinite Doping Studies
5.1.1 Verification of Starting Chemistries
Experimental blends derived from kaolinite and doped with varying concentrations of
potassia (K2O) and iron oxide (Fe2O3) were subjected to chemical analysis via
inductively coupled plasma spectroscopy (ICP). Results of these analyses are presented
in Table 5. The average and standard deviation of alumina concentration in the kaolinite
derived experimental blends is 45 ± 2wt%, which is comparable to the targeted 48wt%
alumina concentration. The other concentrations of interest, potassia and iron oxide, are
also in agreement with the targeted concentrations presented in Table 3.

Table 5. ICP results for kaolinite derived experimental blends. Experimental error is ≤ 2%.
Undoped Low K2O

Medium
K2O

High K2O

Low
Fe2O3

High
Fe2O3

Low
High
CoDoped CoDoped

Al2O3
SiO2
Fe2O3
TiO2

45.29
47.05
1.01
1.91

45.22
47.05
0.87
1.90

47.71
48.38
0.99
2.09

45.56
45.71
0.96
1.95

44.48
43.28
5.01
1.97

44.59
37.99
9.84
2.04

45.39
44.72
2.46
2.00

44.56
42.24
4.75
1.98

CaO
K2O

0.05
0.19

0.05
0.30

0.05
0.52

0.06
0.92

0.04
0.12

0.03
0.11

0.04
0.29

0.04
0.55

MgO
MnO
Na2O
P2O5

0.05
0.00
0.03
0.06

0.04
0.00
0.04
0.06

0.04
0.00
0.12
0.09

0.08
0.00
0.12
0.05

0.04
0.01
0.04
0.06

0.03
0.01
0.04
0.07

0.04
0.00
0.04
0.06

0.04
0.01
0.03
0.07
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5.1.2 Glass Content of Potassia Doped Kaolinite Derived Aggregates
The results of glass content analysis for K2O doped kaolinite blends are presented in
Table 6. Although the results are within the precision of the analytical technique (±
1wt%), there appears to be a subtle trend toward enhanced glass content with increasing
potassia content and sintering temperature, suggesting that glass content is enhanced by
potassia. This supports the hypothesis that potassia additions flux silica and enhance
liquid phase formation during sintering.
Table 6. Results of glass content analyses for K2O doped kaolinite derived aggregates. All values are
given in wt% and the experimental precision is ± 1wt%
Undoped
Low K2O
Medium K2O
High K2O

1450°C
11
13
12
14

1500°C
8
11
14
11

1550°C
14
14
16
16

5.1.3 X-ray Diffraction of Potassia Doped Kaolinite Derived Aggregates
Diffractograms collected from raw, kaolinite derived experimental blends were consistent
with metakaolin and indicated the presence of kaolinite (Al2Si2O5(OH)4; ICDD# 140164), quartz (SiO2; ICDD# 64-1045), anatase (TiO2; ICDD# 12-1272), and rutile (TiO2;
ICDD# 12-1276). Results of crystalline phase analyses for the potassia doped, kaolinite
derived experimental blends sintered at 1450°, 1500°, and 1550°C are summarized in
Table 7. Table 7 indicates the wt% of each phase within the crystalline component of the
material as well as wt% of each phase after being normalized to include the glass content
indicated in Table 6. From the XRD results presented in Table 7, it can be seen that
mullite (Al6Si2O13; ICDD# 15-0776) content is enhanced and cristobalite (SiO2; ICDD#
39-1425) content is decreased with either an increase in temperature or an increase in
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potassia concentration. Trace amounts of rutile and quartz were detected in the undoped
material at 1450°C. These phases are unreacted artifacts from the raw material and are
not detected in the doped materials or at higher sintering temperatures, indicating that
increasing sintering temperature or increasing dopant concentration at 1450°C causes
these phases to react.

Cristobalite content decreases with either an increase in

temperature or an increase in potassia content, which is expected since potassia additions
are intended to flux silica phases. Enhanced mullite content was also expected due to
more rapid ionic transport in a low viscosity glass phase, which resulted from potassia
additions. Overall, the results support the hypothesis that potassia additions will enhance
mullite content and flux silica; thereby inhibiting cristobalite content in kaolinite derived
aggregates.
Table 7. Semiquantitative XRD results for K2O doped kaolinite derived experimental blends. Values
in parenthesis have been normalized to include glass content. The labels Tr and ND indicate
trace amount and not detected, respectively. All values given are in wt% and the
experimental precision is ≤ 5wt%.
1450°C
Mullite
Cristobalite
Quartz
Rutile

Undoped
75 (67)
25 (22)
Tr
Tr

Low K2O
77 (67)
23 (20)
ND
ND

Medium
81 (71)
19 (17)
ND
ND

High K2O
100 (86)
ND
ND
ND

1500°C
Mullite
Cristobalite

Undoped
76 (70)
24 (22)

Low K2O
92 (82)
8 (7)

Medium
100 (86)
Tr

High K2O
100 (89)
ND

1550°C
Mullite

Undoped
100 (86)

Low K2O
100 (86)

Medium
100 (84)

High K2O
100 (84)
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5.1.4 Densification of Potassia Doped Kaolinite Derived Aggregates
Results of density measurements for the potassia doped, kaolinite derived blends are
presented in Table 8. Calculated densities are based on the crystalline phase content
indicated by XRD and assume that the glass has a density of ≈2g/cc [22]. Comparison
between the calculated densities and the true densities at 1500° and 1550°C reveals that
these values are in agreement. Calculated densities for samples sintered at 1450°C were
typically lower than true density values, but typically within 0.1g/cc.
Table 8. Density results for potassia doped kaolinite derived aggregates. Calculated densities are
based on results of crystalline phase and glass content analysis. True and apparent
densities have been measured via helium pycnometry and the 95% confidence interval
based on five measurements is ± 0.04g/cc. The error of the relative density measurement is
± 3%.

1450 (°C)

Undoped
Low K2O
Medium K2O
High K2O

Calculated
(g/cc)
2.74
2.74
2.77
2.86

1500 (°C)

Undoped
Low K2O
Medium K2O
High K2O

2.77
2.84
2.86
2.89

2.88
2.85
2.86
2.85

2.79
2.78
2.78
2.78

97
98
97
98

1550 (°C)

Undoped
Low K2O
Medium K2O
High K2O

2.86
2.86
2.84
2.84

2.87
2.84
2.82
2.86

2.76
2.77
2.77
2.77

96
98
98
97

Blend

True
(g/cc)
2.83
2.85
2.80
2.77

Apparent
Relative
(g/cc)
Density (%)
2.78
98
2.80
98
2.81
100
2.76
100

Based on the precision of the measurements, there does not appear to be a statistically
significant trend in true or apparent density as a function of K2O concentration for a
given sintering temperature. However, a trend within the precision of the measurements
suggests that true densities at 1500° and 1550°C are slightly higher than those at 1450°C.

54

Conversely, the apparent densities are slightly lower at the higher two sintering
temperatures.

These two observations correspond to the enhanced mullite content

observed in Table 7 and an increase in porosity, which will be revealed in the
micrographs that will be discussed next, respectively.

Backscattered electron (BSE) micrographs of the experimental blends are presented at
two different magnifications in Figures 16-19. The microstructures appear to be quite
dense, in agreement with the relative densities provided in Table 8. However, although
there is some evidence for pullout, there are pores present in the materials indicating that
high levels of densification (e.g. 100%), which were indicated in Table 8, were not
strictly achieved.

A statistically significant enhancement in relative density with

increasing potassia concentration is not found in Table 8 or indicated by Figures 16-19.
However, there is an increase in porosity that is consistent with the subtle trends in
apparent and relative density presented in Table 8. In addition, the lath-like mullite
grains appear to coarsen significantly with increasing temperature and K2O
concentration, indicating that potassia positively influences the growth of mullite.
Enhanced mullite content detected by XRD, coupled with coarsened mullite laths within
the microstructure, supports the hypothesis that mullite formation is increased by
enhanced diffusion through a low viscosity liquid phase. This is a significant observation
because enhanced mullite formation, which is associated with greater specific strengths,
was a motivating hypothesis for studying potassia additions [6, 27].

55

56

57

58

59

5.1.5 Strengths of Potassia Doped Kaolinite Blends
Results of diametral strength measurements from potassia doped kaolinite derived
aggregates are presented in Table 9 and in Figures 20 and 21. Strength measurements are
presented in terms of the characteristic strength and again with respect to specific
strength, which is the characteristic strength divided by the apparent density. Weibull
moduli for all experimental blends were comparable, ranging between 3 and 5, and no
statistically significant trends were discernable between sintering temperatures or dopant
concentrations. From Table 9 and Figure 20, it can be seen that Low K2O and High K2O
doped blends exhibit significantly higher strengths at lower sintering temperatures.
Figure 20 reveals that the strength enhancement becomes less statistically significant as
the sintering temperature is raised above 1450°C, since the 90% confidence intervals
begin to overlap with the undoped blend. Nevertheless, there is a trend toward enhanced
characteristic strength, and specific strength (see Table 8 and Figure 21), when
comparing the potassia doped blends to the undoped blend at lower sintering
temperatures. This is a significant result as it contradicts the strength degradation that is
typically observed by industry when K2O concentrations exceed 0.2wt% [4]. Based on
these results, it appears that potassia does not deleteriously impact strength, density, or
specific strength. In fact, these results indicate that significantly higher strengths are
obtained at sintering temperatures substantially lower than those typically used during
commercial fabrication (≈1530°C).

This presents an opportunity to simultaneously

improve both process economy and product quality (i.e. enhanced specific strength) by
doping kaolinite derived aggregates with K2O and sintering at lower temperatures.
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Table 9. Characteristic and specific strengths of K2O doped kaolinite derived blends. Characteristic
strength values are given in MPa and specific strength values are given in MPa/(g/cc). The
± values indicate the 90% confidence interval based on 40 individual tests.
Characteristic Strength
Temperature (°C)

Undoped

Low K2O

1450
1500
1550

248 ± 16
214 ± 20
240 ± 23

386 ± 42
286 ± 24
285 ± 26

Temperature (°C)

Undoped

Low K2O

1450
1500
1550

89 ± 6
77 ± 7
87 ± 8

138 ± 15
103 ± 9
103 ± 9

Medium
High K2O
K2O
260 ± 28 337 ± 44
310 ± 52 258 ± 37
312 ± 23 265 ± 33

Specific Strength
Medium
High K2O
K2O
93 ± 10 122 ± 16
112 ± 19 93 ± 13
113 ± 8
96 ± 12

Figure 20. Characteristic strengths of K2O doped kaolinite derived aggregates as a function of
sintering temperature. Error bars indicate 90% confidence intervals based on 40
individual tests.
Typical industrial firing temperatures (1530°-1550°C) and
characteristic strengths (150-200MPa) for Carbo EconoProp and CarboLite are
indicated by the shaded box [27].
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Figure 21. Specific strengths of K2O doped kaolinite derived aggregates as a function of sintering
temperature. Error bars indicate 90% confidence intervals based on 40 individual tests.
Typical industrial firing temperatures (1530°-1550°C) and specific strengths (5570MPa/(g/cc)) for Carbo EconoProp and CarboLite are indicated by the shaded box
[27].

5.1.6 Glass Content of Iron Doped and Co-Doped Kaolinite Derived Aggregates
Results of the glass content analyses are summarized in Table 10. Unlike the potassia
doped blends, there are no discernable trends between glass content, dopant
concentration, and temperature in either the iron doped or the co-doped blends. The
nominal glass composition for the experimental blends is 12wt% with the exception of
the Undoped blend at 1500°C and the Low Co-Doped blend at 1450°C, which have a
lower glass content, 8wt%. Similar glass contents within the iron doped aggregates does
not discount the formation of a liquid phase during sintering, as the liquid phase induced
by the iron dopant was anticipated to be transient.
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Table 10. Results of glass content analyses for iron doped and co-doped kaolinite derived aggregates.
All values are given in wt% and the experimental precision is ± 1wt%.

Undoped
Low Fe2O3
High Fe2O3
Low CoDoped
High CoDoped

1450°C
11
11
11
8
11

1500°C
8
13
13
12
13

1550°C
14
13
11
11
13

5.1.7 X-ray Diffraction of Iron Doped and Co-Doped Kaolinite Derived Aggregates
Analysis of the raw, iron doped and co-doped materials revealed the presence of the
hematite (Fe2O3; ICDD# 33-0664) additive in addition to kaolinite, quart, anatase, and
rutile, which were also detected in the potassia doped raw materials. Crystalline phase
assemblages of iron doped and co-doped kaolinite derived experimental blends sintered
at 1450°, 1500°, and 1550°C are presented in Table 11 and indicate that mullite content is
enhanced while cristobalite content is decreased in both the iron doped and co-doped
materials. Quartz and rutile were present only within the undoped blend sintered at the
1450°C.

These phases are unreacted artifacts from the raw material and were not

detected at higher sintering temperatures or in doped blends, indicating that either an
increase in sintering temperature or dopant concentration causes quartz and rutile to react.
In addition, pseudobrookite (Fe2TiO5; ICDD# 41-1432) was identified in minor and trace
amounts in the Low Fe2O3, High Fe2O3, and High Co Doped samples. Pseudobrookite is
present in the greatest quantities in the High Fe2O3 doped blend at 1450° and 1500°.
However, the quantity of pseudobrookite is significantly less at 1550°C, which indicates
that pseudobrookite reacts with the surrounding crystalline phases at this sintering
temperature.
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Table 11. Semiquantitative XRD results for iron doped and co-doped kaolinite derived experimental
blends. Values in parentheses have been normalized to include glass content. The labels
Tr and ND indicate trace amount and not detected, respectively. All values given are in
wt% and the experimental precision is ≤ 5wt%.

1450°C
Mullite
Cristobalite
Quartz
Rutile
Pseudobrookite

1500°C
Mullite
Cristobalite
Rutile
Pseudobrookite

Undoped Low Fe2O3
75 (67)
25 (22)
Tr
Tr
ND

80 (71)
20 (18)
ND
ND
ND

Undoped Low Fe2O3
76 (70)
24 (22)
ND
ND

100 (87)
Tr
ND
ND

Undoped Low Fe2O3

1550°C
Mullite
100 (86)
Cristobalite
ND
Pseudobrookite
ND

100 (87)
ND
Tr

High
Fe2O3
95 (85)
2 (2)
ND
ND
3 (3)

Low
CoDoped
94 (86)
6 (6)
ND
ND
ND

High
CoDoped
100 (89)
ND
ND
ND
ND

High
Fe2O3
95 (83)
1 (1)
Tr
4 (3)

Low
CoDoped
100 (88)
ND
Tr
Tr

High
CoDoped
100 (87)
ND
ND
ND

High
Fe2O3
100 (89)
Tr
Tr

Low
CoDoped
100 (89)
ND
ND

High
CoDoped
100 (87)
ND
Tr

5.1.8 Densification of Iron Doped and Co-Doped Kaolinite Derived Aggregates
The results of density measurements for iron doped and co-doped kaolinite derived
aggregates are presented Table 12.

Calculated and true densities are in reasonable

agreement, but the calculated densities are consistently lower. This is attributed to the
solid solubility of iron in the surrounding phase assemblage, which may lead to a greater
glass density than the assumed 2g/cc and/or greater densities within the crystalline phases
than those described by the corresponding ICDD cards (see Appendix A). Regardless,
comparison between the Low and High Fe2O3 doped blends with the undoped blends
reveals that true density increases with Fe2O3, as expected. Although it is within the
precision of the measurements, there is a persistent trend toward decreasing apparent and
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relative densities with increasing temperature, which is supported by microstructural
analysis.
Table 12. Density results for iron doped and co-doped kaolinite derived aggregates. Calculated
densities are based on results of crystalline phase and glass content analysis. True and
apparent densities have been measured via helium pycnometry and the 95% confidence
interval based on five measurements is ± 0.04g/cc. The error of the relative density
measurement is ± 3%.

Undoped
Low Fe2O3
High Fe2O3

Calculated
(g/cc)
2.74
2.77
2.95

True
(g/cc)
2.83
2.92
3.04

Low CoDoped
High CoDoped

2.88
2.89

2.97
2.87

2.91
2.86

98
99

Undoped
Low Fe2O3
High Fe2O3

2.77
2.87
2.91

2.88
2.94
3.06

2.79
2.83
2.93

97
96
96

Low CoDoped
High CoDoped

2.88
2.87

2.98
2.95

2.91
2.81

98
95

Undoped
Low Fe2O3
High Fe2O3

2.86
2.87
2.89

2.87
2.91
3.06

2.76
2.77
2.85

96
95
93

Low CoDoped
High CoDoped

2.89
2.87

3.00
2.92

2.87
2.79

96
95

Blend
1450 (°C)

1500 (°C)

1550 (°C)

Apparent
Relative
(g/cc)
Density (%)
2.78
98
2.86
98
2.96
97

Backscattered electron (BSE) micrographs of the experimental blends are presented at
two different magnifications in Figures 22-25. From these figures, mullite lathes are
readily observed within a glassy matrix. They appear coarser and more well defined at
1450°C than the potassia doped experimental blends. In addition, the porosity increases
in number and size with increasing temperature. Porosity is exacerbated with increasing
concentration Fe2O3, consistent with the dissociation of hematite above 1380°C. Oxygen
liberated by this reaction is trapped within the glassy matrix and results in the observed
pore formation. Aside from the mullite laths and glassy matrix, bright white phases are
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observed in the iron doped and co-doped blends. These phases were determined to be
iron and titanium-rich by EDS and identified as pseudobrookite by XRD.
Pseudobrookite phases are observed throughout the microstructure and often form
alongside mullite laths.

In addition to the presence of a pseudobrookite, the

microstructures of iron doped and co-doped experimental blends also exhibit coarser
mullite grains than the K2O doped blends. This is particularly noticeable at the lowest
sintering temperature, 1450°C. This observation, in conjunction with the trend toward
enhanced mullite content indicated in Table 11, supports the hypothesis that iron oxide
additives can enhance mullite formation in kaolinite derived aggregates.
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5.1.9 Strengths of Iron Doped and Co-Doped Kaolinite Derived Blends
Results of diametral strength measurements from iron doped and co-doped kaolinite
derived aggregates are presented in Table 13 and in Figures 26 and 27.

Strength

measurements are presented in terms of the characteristic strength and again with respect
to specific strength, which is the characteristic strength divided by the apparent density.
Weibull moduli for all experimental blends were comparable, ranging between 3 and 5,
and no statistically significant trends were discernable between sintering temperatures or
dopant concentrations.

As expected, the pore evolution observed in the Low Fe2O3 and

High Fe2O3 blends (see Figure 22 and 23, respectively) resulted in decreased strengths as
sintering temperatures were increased above 1450°C. With the exception of the low codoped experimental blend sintered at 1500°C, which exhibited significant strength
enhancement relative to the undoped and commercially available aggregates, there does
not appear to be a statistically significant advantage in doping kaolinite derived
aggregates with iron oxide or co-doping with iron oxide and potassia. Nevertheless, the
strengths exhibited by the low co-doped blend sintered at 1500°C suggests that kaolinite
blends containing # 2.5wt% Fe2O3 can exhibit significantly improved characteristic and
specific strengths. Greater concentrations of Fe2O3 lead to pore development and strength
degradation as sintering temperatures were raised above the hematite dissociation
temperature. In addition to enhanced characteristic and specific strength, the low codoped blend was fired at a lower sintering temperature than typically commercial
manufacture (1500° vs. 1530°C), which indicates that doping with low concentrations of
K2O and Fe2O3 results in improved properties while simultaneously improving
processing economy.
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Table 13. Characteristic and specific strengths of iron oxide doped and co-doped kaolinite derived
aggregates. Characteristic strength values are given in MPa and specific strength values
are given in MPa/(g/cc). The ± values indicate the 90% confidence interval based on 40
individual tests.
Characteristic Strength
Temperature (°C)

Undoped

1450
1500
1550

248 ± 16
214 ± 20
240 ± 23

Low
Fe2O3
261 ± 24
152 ± 11
51 ± 5

High
Low
High
Fe2O3
CoDoped CoDoped
224 ± 17 251 ± 22 242 ± 22
170 ± 10 290 ± 16 115 ± 9
138 ± 7 121 ± 21
62 ± 6

Specific Strength

Figure 26.

Temperature (°C)

Undoped

1450
1500
1550

89 ± 6
77 ± 7
87 ± 8

Low
Fe2O3
91 ± 6
54 ± 3
18 ± 2

High
Fe2O3
74 ± 6
56 ± 3
45 ± 2

Low
High
CoDoped CoDoped
85 ± 7
84 ± 8
97 ± 5
39 ± 3
40 ± 7
21 ± 2

Characteristic strengths of iron doped and co-doped kaolinite derived aggregates as a
function of sintering temperature. Error bars indicate 90% confidence intervals based
on 40 individual tests. Typical industrial firing temperatures (1530°-1550°C) and
characteristic strengths (150-200MPa/(g/cc)) for Carbo EconoProp and CarboLite
are indicated by the shaded box [27].
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Figure 27.

Specific strengths of iron doped and co-doped kaolinite derived aggregates as a function
of sintering temperature. Error bars indicate 90% confidence intervals based on 40
individual tests. Typical industrial firing temperatures (1530°-1550°C) and specific
strengths (55-70MPa/(g/cc)) for Carbo EconoProp and CarboLite are indicated by
the shaded box [27].

Results of the kaolinite doping studies have indicated that K2O and Fe2O3 additions have
significant effects on crystallization and densification, which subsequently influence the
final physical and mechanical properties of density and strength. Potassia additions were
intended to enhance low temperature densification through liquid phase sintering by
fluxing the silica phases that evolve during sintering as well as those present in the raw
material, like quartz. Glass content analysis indicated a subtle increase in glass content
with increasing temperature and K2O concentration, and XRD results indicated that
quartz was completely reacted at 1450°C when K2O additives were present. These
observations support the hypothesis that K2O enhances liquid phase formation by fluxing
silica during sintering. However, results of density tests and microstructural analysis did
not reveal significant increases in relative density or more densified microstructures. In
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fact, microstructural analysis corroborated a subtle trend in decreasing apparent density
by revealing an increase in porosity in the undoped and K2O doped samples sintered at
high temperature (1550°C). Nevertheless, microstructural analysis also indicated subtle
coarsening of the mullite laths as K2O concentrations increased. This was corroborated
by enhanced mullite content determined by XRD and supports the hypothesis that mullite
formation is enhanced in the presence of a low viscosity liquid phase during sintering.
Strength tests indicated that the undoped blend was stronger at all temperatures than the
equivalent, commercially available materials (Carbo EconoProp™ and CarboLite™),
which suggests that typical raw ores contain impurity concentrations that are different
than the undoped blend analyzed during this study. This underscores the significance of
this research effort, which is to elucidate composition-processing-property relationships.
Overall, minor amounts of K2O additions resulted in significant strength increases
relative to the undoped blend as well as the commercially equivalent materials (e.g. 386
vs. 200MPa) at lower sintering temperatures (1450° vs. 1530°C). This is a significant
result, as it implies that high strength aggregates can be produced more economically by
doping with K2O.

Results of iron doped and co-doped kaolinite were not as favorable as those observed
during the potassia doped kaolinite studies. Iron oxide (Fe2O3) additives were intended to
enhance low temperature densification by promoting a transient liquid phase during
sintering. Co-doped samples were intended to reveal any synergistic effects between
K2O and Fe2O3 additives.

Glass content analysis revealed no significant increase in

glass content within Fe2O3 doped materials, which is expected due to the intended
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transient behavior of the liquid, or within the co-doped blends.

Results of density

measurements indicated a trend in decreasing relative density, which was corroborated by
the pore evolution observed from microstructural analysis and attributed to hematite
dissociation. Analysis of the crystalline phase assemblages by XRD indicated enhanced
mullite content, which supports the hypothesis that mullite formation is increased in the
presence of an Fe2O3-rich liquid phase formed during sintering.

The formation of

pseudobrookite indicates that iron additives are not completely consumed by mullite, but
react with TiO2 in solution to form pseudobrookite instead. Despite enhanced mullite
content, pore development within the iron doped aggregates lead to decreased strength.
With exception to the low co-doped blend at 1500°C, which contained a low
concentration of Fe2O3 (2.5wt%) and exhibited significant strength enhancement
compared to the undoped and commercially available aggregates, pore evolution with
increasing temperature lead to a significant decline in strength relative to the undoped
blend. As a result, there does not appear to be any advantage in doping kaolinite with
Fe2O3. Co-doping was only advantageous when Fe2O3 was limited to 2.5wt%, but did not
offer a greater advantage than simply doping with K2O.

In summary, the kaolinite doping studies have indicated that both K2O and Fe2O3
additions significantly influence densification and crystallization.

Despite enhanced

mullite formation by both dopants, pore development in Fe2O3 doped blends degraded
strengths relative to the undoped blend. Significant strength enhancement was observed
in K2O doped blends sintered 50-100°C lower than commercially available kaolinite
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derived aggregates. This is a significant observation that indicates both strength and
process economy can be simultaneously enhanced by doping kaolinite with K2O.

5.2 Bauxite Doping Studies
5.2.1 Verification of Starting Chemistries
Experimental blends derived from bauxite and doped with varying concentrations of
potassia (K2O) and iron oxide (Fe2O3) were subjected to chemical analysis via
inductively coupled plasma spectroscopy (ICP). Results of these analyses are presented
in Table 14. The average and standard deviation of the alumina concentration in the
bauxite derived experimental blends is 73 ± 1wt%, which is in agreement with the
targeted 72wt% alumina concentration. The other concentrations of interest, potassia and
iron oxide, are also in reasonable agreement with the targeted concentrations described
by the experimental design presented in Table 4.

Table 14. ICP results for bauxite derived experimental blends. Experimental error is ≤ 2%
Undoped Low K2O High K2O

Low
Fe2O3

High
Fe2O3

Low
High
CoDoped CoDoped

Al2O3
SiO2
Fe2O3
TiO2

73.67
21.22
0.91
3.954

73.54
20.87
0.99
3.93

73.77
20.21
0.89
3.93

73.56
17.00
5.36
3.742

73.21
13.03
9.91
3.48

73.55
18.89
3.27
3.85

73.34
16.48
5.63
3.73

CaO
K2O

0.02
0.03

0.02
0.49

0.02
1.01

0.03
0.11

0.04
0.08

0.02
0.24

0.03
0.58

MgO
MnO
Na2O
P2O5

0.03
0.003
0.05
0.10

0.03
0.00
0.06
0.08

0.03
0.00
0.02
0.10

0.04
0.006
0.02
0.13

0.06
0.01
0.02
0.15

0.04
0.00
0.02
0.11

0.05
0.01
0.02
0.12
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5.2.2 Glass Content of Potassia Doped Bauxite Derived Aggregates
Results of glass content analysis for K2O doped bauxite derived aggregates are presented
in Table 15 and indicate a significant increase in glass content with increasing potassia
concentration.

This supports the hypothesis that potassia additions flux silica and

enhance liquid phase formation during sintering.
Table 15. Results of glass content analyses for K2O doped bauxite derived aggregates. All values are
given in wt% and the experimental precision is ± 1wt%.

Undoped
Low K2O
High K2O

1450°C
6
9
11

1500°C
5
7
10

1550°C
5
8
11

5.2.3 X-ray Diffraction of Potassia Doped Bauxite Derived Aggregates
Diffractograms collected from raw, K2O doped bauxite derived experimental blends
indicated the presence of quartz (SiO2; ICDD# 64-1045), anatase (TiO2; ICDD# 121272), rutile (TiO2; ICDD# 12-1276), and corundum (Al2O3; ICDD# 46-1212). Analyses
of the crystalline phase contents in experimentally doped aggregates sintered at 1450°,
1500°, and 1550°C are presented in Table 16. Table 16 indicates the wt% of each phase
within the crystalline component of the material as well as the wt% of each phase after
being normalized to include the glass content indicated in Table 15. From the XRD
results presented in Table 16, it can be seen that mullite content decreases and corundum
content increases with increasing K2O concentration.

This contradicts the original

hypothesis that secondary mullitization would be enhanced in the presence of a low
viscosity liquid phase.

However, comparison between the starting compositions

indicated by Table 14 and the K2O-Al2O3-SiO2 phase diagram in Figure 6 reveals that the
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equilibrium composition is within the primary crystallization field of corundum.
Although the targeted equilibrium concentration was within the primary crystalline phase
field of mullite, the lower silica concentrations indicated by Table 14 place the
equilibrium concentration within the primary crystallization field of corundum. As a
result, corundum content is enhanced as the liquid phase approaches equilibrium within
the temperature ranges examined in this study (1450°-1550°C). In addition to mullite and
corundum, traces of rutile remained within the crystalline phase assemblage as an
unreacted artifact from the raw material. Trace amounts of tieilite (AlTi2O5;ICDD# 410258) were also observed in the sintered materials, suggesting that TiO2 is exsolving
from solid solution with corundum.

Table 16. Semiquantitative XRD results for K2O doped bauxite derived experimental blends. Values
in parentheses marks have been normalized to include glass content. The labels Tr and
ND indicate trace amount and not detected, respectively. All values given are in wt% and
the experimental precision is ≤ 5wt%.
1450°C
Mullite
Corundum
Tieilite
Rutile

Undoped Low K2O High K2O
88 (83)
82 (75)
74 (66)
11 (10)
17 (15)
25 (22)
1 (1)
1 (1)
1 (1)
Tr
Tr
Tr

1500°C
Mullite
Corundum
Tieilite
Rutile

Undoped Low K2O High K2O
88 (84)
79 (73)
66 (59)
10 (10)
21 (20)
33 (30)
2 (2)
Tr
1 (1)
Tr
Tr
Tr

1550°C
Mullite
Corundum
Tieilite
Rutile

Undoped Low K2O High K2O
96 (91)
87 (80)
71 (63)
4 (4)
13 (12)
29 (26)
Tr
Tr
Tr
ND
Tr
Tr

78

5.2.4 Densification of Potassia Doped Bauxite Derived Aggregates
The results of density measurements for K2O doped bauxite derived aggregates are
presented Table 17. From Table 17, it can be seen that there is considerable disparity
between calculated and true densities. This is attributed to the solid solubility of heavier
constituents like iron and titanium in the surrounding phase assemblage, which results in
glass densities greater than the assumed 2g/cc and/or crystalline phases with greater
densities the than those described by the corresponding ICDD cards (see Appendix A).
In addition to the disparity between calculated and true density measurements, it is
difficult to discern strong, statistically significant trends in true and apparent density
results. Nevertheless, there is a subtle trend of increasing true density with increasing
K2O observed at 1500° and 1550°C, which is consistent with the enhanced corundum
content presented in Table 16. Likewise, there is a subtle trend for apparent density to
decrease with increasing temperature and K2O concentration, which is consistent with the
development of a closed pore network. This hypothesis is supported by observations
based on microstructural analysis.
Table 17. Density results for K2O doped bauxite derived aggregates. Calculated densities are based
on results of crystalline phase and glass content analysis. True and apparent densities
have been measured via helium pycnometry and the 95% confidence interval based on five
measurements is ± 0.04g/cc. The error of the relative density measurement is ± 3%.

1450°C

Undoped
Low K2O
High K2O

Calculated
(g/cc)
3.04
3.06
3.11

1500°C

Undoped
Low K2O
High K2O

3.09
3.13
3.20

3.27
3.31
3.36

3.26
3.25
3.22

100
98
96

1550°C

Undoped
Low K2O
High K2O

2.99
3.04
3.14

3.22
3.26
3.35

3.07
3.07
3.14

95
94
94

Blend

True
(g/cc)
3.55
3.52
3.38

Apparent
(g/cc)
3.44
3.35
3.35

Relative
Density (%)
97
95
99
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Comparison of the micrographs presented in Figures 28-30 reveals a significant increase
in densification with increased sintering temperature and K2O concentration. Although it
is difficult to discriminate within the low magnification micrographs, high magnification
micrographs reveal fine, interconnected porosity in the undoped and K2O doped blends at
1450°. Higher magnification micrographs at 1500°C indicate the interconnected porosity
is beginning to close more quickly as K2O concentration increases. This trend continues
as sintering temperature increases, which corresponds to the trend in apparent density in
Table 17 (lower apparent density and more closed porosity at higher temperature). The
effect of K2O on densification is less pronounced relative to the undoped blend at
1550°C, but it is clear that a densified matrix begins to form at lower temperatures in
K2O doped blends. These findings support the hypothesis that potassia additions flux
residual silica phases and enhance low temperature densification, which was the impetus
for selecting K2O as a dopant.
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5.2.5 Strengths of Potassia Doped Bauxite Blends
Results of diametral strength measurements from K2O doped bauxite derived aggregates
are presented in Table 18 and in Figures 31 and 32. Strength measurements are presented
in terms of the characteristic strength and again with respect to specific strength, which is
the characteristic strength divided by the apparent density.

Weibull moduli for all

experimental blends were comparable, ranging between 3 and 5, and no statistically
significant trends were discernable between sintering temperatures or dopant
concentrations. Based on the strength results, the enhanced densification due to K2O
additions evident in Figures 28-30 has lead to significant strength enhancement across the
range of sintering temperatures and K2O concentrations investigated.

Although the

significance of the strength enhancement decreases as the confidence intervals begin to
overlap with increasing sintering temperature, the characteristic and specific strengths
exhibit improvement at all temperatures with increasing K2O concentration.

These

results verify the hypothesis that using K2O to flux silica during sintering, thereby
enhancing low temperature densification, will improve strength.

In addition, the

characteristic and specific strengths exhibited by the High K2O doped blend are
comparable to commercially available bauxite derived aggregates (CarboProp™ and
Carbo HSP™) when sintered 30°-50°C lower than typical commercial manufacture. This
observation is significant because it indicates that K2O additions can simultaneously
enhance specific strength as well as improve process economy.
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Table 18. Characteristic and specific strengths of K2O doped bauxite derived blends. Characteristic
strength values are given in MPa and specific strength values are given in MPa/(g/cc). The
± values indicate the 90% confidence interval based on 40 individual tests.
Characteristic Strength
Temperature (°C) Undoped
1450
76 ± 7
1500
74 ± 7
1550
234 ± 22
Specific Strength
Temperature (°C)
1450
1500
1550

Figure 31.

Low K2O High K2O
113 ± 12 141 ± 10
118 ± 13 181 ± 22
228 ± 28 290 ± 31

Undoped Low K2O High K2O
22 ± 2
34 ± 4
42 ± 3
23 ± 2
36 ± 4
56 ± 7
76 ± 7
74 ± 9
92 ± 10

Characteristic strengths of K2O doped bauxite derived aggregates as a function of
sintering temperature. Error bars indicate 90% confidence intervals based on 40
individual tests. Typical industrial firing temperatures (1530°-1550°C) and
characteristic strengths (200-250MPa/(g/cc)) for CarboProp and Carbo HSP are
indicated by the shaded box [27].
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Figure 32. Specific strengths of K2O doped bauxite derived aggregates as a function of sintering
temperature. Error bars indicate 90% confidence intervals based on 40 individual tests.
Typical industrial firing temperatures (1530°-1550°C) and specific strengths (6070MPa/(g/cc)) for CarboProp and Carbo HSP are indicated by the shaded box [27].

5.2.6 Glass Content of Iron Doped and Co-Doped Bauxite Derived Aggregates
Results of the glass content analyses for iron doped and co-doped bauxite derived blends
are summarized in Table 19. Unlike the potassia doped blends, there does not appear to
be any discernable trend between glass content and iron concentration. However, the
trend of increased glass content with increasing potassia concentration persists within
experimental precision for the co-doped blends. As with the iron doped kaolinite blends,
similar glass contents among the iron doped bauxite blends do not discount the formation
of a liquid phase during sintering, as the liquid phase induced by the iron dopant was
anticipated to be transient.
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Table 19. Results of glass content analyses for Fe2O3 doped and co-doped bauxite derived
aggregates. All values are given in wt% and the experimental precision is ± 1wt%.

Undoped
Low Fe2O3
High Fe2O3
Low CoDoped
High CoDoped

1450°C
6
6
6
7
8

1500°C
5
4
4
6
7

1550°C
5
5
5
5
7

5.2.7 X-ray Diffraction of Iron Doped and Co-Doped Bauxite Derived Aggregates
Analysis of the raw Fe2O3 doped and co-doped bauxite derived blends revealed the
presence of hematite (Fe2O3; ICDD# 33-0664) in addition to the quartz, anatase, rutile,
and corundum phases, which were also detected in the K2O doped bauxite derived raw
blends. Crystalline phase analyses for iron doped and co-doped bauxite blends are
summarized in Table 20, which indicates the wt% of each phase within the crystalline
component of the material as well as after being normalized to include glass content. The
crystalline phase analysis presented in Table 20 indicates decreasing mullite content with
increasing sintering temperature and dopant concentration, which is contrary to the
hypothesized influence of Fe2O3 on secondary mullitization. As with the K2O doped
bauxite derived blends, comparison between the starting compositions indicated by Table
14 and the Fe2O3-Al2O3-SiO2 phase diagram in Figure 7 reveals that the equilibrium
composition is within the primary crystallization field of corundum.

Although the

targeted equilibrium concentration was within the primary crystalline phase field of
mullite, the lower silica concentrations indicated by Table 14 place the equilibrium
concentration within the primary crystallization field of corundum. As a result, the
corundum content is enhanced as the metastable eutectic liquid phase approaches
equilibrium within the range of temperatures examined in this study (1450°-1550°C).
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Minor and trace amounts of tieilite and rutile were observed, particularly at 1450°C.
Rutile is an unreacted artifact from the raw material while tieilite (AlTi2O5;ICDD# 410258) forms as TiO2 is exsolved from solid solution with corundum.

At higher

temperatures, pseudobrookite (Fe2TiO5; ICDD# 41-1432) was observed, which indicates
that iron and titanium react during sintering.

Table 20. Semiquantitative XRD results for Fe2O3 and co-doped bauxite derived experimental
blends. Values in parentheses have been normalized with glass content. The labels Tr
and ND indicate trace amount and not detected, respectively. All values given are in
wt% and the experimental precision is ≤ 5wt%.

1450°C
Mullite
Corundum
Tieilite
Rutile
Pseudobrookite

1500°C
Mullite
Corundum
Tieilite
Rutile
Pseudobrookite

1550°C
Mullite
Corundum
Tieilite
Rutile
Pseudobrookite

Undoped
88 (83)
11 (10)
1 (1)
Tr
ND

Undoped
88 (84)
10 (10)
2 (2)
tr
ND
Undoped
96 (91)
4 (4)
Tr
ND
ND

Low
Fe2O3
65 (61)
26 (24)
8 (8)
Tr
ND

High
Fe2O3
49 (46)
50 (47)
ND
Tr
1 (1)

Low
High
CoDoped CoDoped
76 (71)
50 (46)
22 (20)
34 (31)
2 (2)
16 (15)
Tr
Tr
ND
ND

Low
Fe2O3
71 (68)
27 (26)
2 (2)
ND
ND

High
Fe2O3
45 (43)
52 (50)
ND
ND
4 (4)

Low
High
CoDoped CoDoped
74 (70)
67 (62)
24 (23)
30 (28)
2 (2)
2 (2)
ND
ND
ND
ND

Low
Fe2O3
76 (72)
24 (23)
ND
Tr
Tr

High
Fe2O3
44 (42)
52 (49)
ND
ND
4 (4)

Low
High
CoDoped CoDoped
79 (75)
53 (49)
21 (20)
44 (41)
Tr
ND
ND
Tr
ND
3 (3)
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5.2.8 Densification of Iron Doped and Co-Doped Bauxite Derived Aggregates
The results of density measurements for Fe2O3 doped and co-doped bauxite derived
aggregates are presented in Table 21. Comparison between calculated and true densities
reveals disparity between the two values, although blends with greater Fe2O3
concentrations typically exhibit greater true densities, as expected. As with the K2O
doped bauxite derived blends, the disparity between calculated and true densities is
attributed to solid solubility between the crystalline phases for constituents like iron.
This may result in densities greater than the 2g/cc assumed for the glassy phase or
densities greater than the theoretical densities of the pure phases described by their
respective ICDD card (see Appendix A). Although it is within the precision of the
measurements, there is a persistent trend toward decreasing apparent and relative
densities with increasing temperature. This trend is not observed within the High Fe2O3
doped material, but it is attributed to pore development due to the dissociation of
hematite, which is supported by microstructural analysis. Based on the microstructural
analyses, the apparent density measurement suggests that the pore structure developed
within the High Fe2O3 blend may have been breached by helium pycnometry and caused
the observed discontinuity.
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Table 21. Density results for Fe2O3 doped and co-doped bauxite derived aggregates. Calculated
densities are based on results of crystalline phase and glass content analysis. True and
apparent densities have been measured via helium pycnometry and the 95% confidence
interval based on five measurements is ± 0.04g/cc. The resulting error of the relative
density measurement is ± 3%.

1450°C

Undoped
Low Fe2O3
High Fe2O3
Low CoDoped
High CoDoped

Calculated
(g/cc)
3.04
3.20
3.41
3.14
3.33

1500°C

Undoped
Low Fe2O3
High Fe2O3
Low CoDoped
High CoDoped

3.09
3.23
3.54
3.21
3.19

3.27
3.36
3.57
3.32
3.40

3.26
3.20
3.49
3.16
3.15

100
95
98
95
93

1550°C

Undoped
Low Fe2O3
High Fe2O3
Low CoDoped
High CoDoped

2.99
3.18
3.49
3.15
3.37

3.22
3.52
3.61
3.38
3.49

3.07
3.29
3.53
3.11
3.03

95
93
98
92
87

Blend

True
(g/cc)
3.55
3.44
3.62
3.48
3.42

Apparent
(g/cc)
3.44
3.31
3.26
3.35
3.21

Relative
Density (%)
97
96
90
96
94

Backscattered electron (BSE) micrographs of the experimental blends are presented at
two different magnifications in Figures 33-36. From these Figures, it is readily apparent
that iron doped and co-doped blends form a more contiguous mullite matrix at 1450°C
relative to the undoped blend presented in Figure 28. In all of the microstructures, a dark
colored mullite matrix surrounding lighter colored, corundum grains was observed.
White phases within the microstructures were determined to be iron and titanium-rich by
energy dispersive spectroscopy and were identified as tieilite and pseudobrookite by
XRD. A particularly interesting feature in the Low and High Fe2O3 doped experimental
blends is the development of porosity at high temperature (1550°C). This affect was also
observed in the iron doped kaolinite blends and is attributed to gas entrapment resulting
from the dissociation of hematite. High magnification micrographs of the iron doped and
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co-doped experimental blends reveal significantly denser microstructures at 1450°C
relative to the undoped experimental blend. These observations support the hypothesis
that densification can be significantly enhanced in the presence of a transient liquid
phase, which was the impetus for studying Fe2O3 additions in bauxite derived aggregates.

91

92

93

94

Mullite
Matrix
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5.2.9 Strengths of Iron Doped and Co-Doped Bauxite Derived Blends
Results of diametral strength measurements from iron doped and co-doped bauxite
derived aggregates are presented in Table 22 and in Figures 37 and 38.

Strength

measurements are presented in terms of the characteristic strength and again with respect
to specific strength, which is the characteristic strength divided by the apparent density.
Weibull moduli for all experimental blends were comparable, ranging between 3 and 5,
and no statistically significant trends were discernable between sintering temperatures or
dopant concentrations.

Based on the strength results, it appears that the enhanced

densification evident in Figures 33-36 has lead to significant strength enhancement at
1450° and 1500°C relative to the undoped blend. This is a significant observation that
indicates doping bauxite with Fe2O3, or co-doping with Fe2O3 and K2O, may facilitate
production of high specific strength aggregates while simultaneously improving process
economy. As expected, pore evolution, which was attributed to hematite dissociation,
degraded strength in High Fe2O3, Low Fe2O3, and High Co-Doped blends relative to the
undoped blend as sintering temperatures were increased to 1550°C. However, the Low
Co-Doped blend exhibited strengths comparable to the commercially available bauxite
aggregates (CarboProp™ and Carbo HSP™), which indicates that strength is not
significantly degraded by pore evolution in bauxite blends with Fe2O3 concentrations
#2.5wt% when sintered at 1550°C.

Despite the degraded strength due to the pore

evolution observed in the majority of iron doped blends sintered at 1550°C, it appears
that Fe2O3 additions allow sintering temperatures to be lowered by ≈100°C.

This

provides simultaneous improvement in strength and process economy, which was a
motivating hypothesis for studying Fe2O3 additions in bauxite derived aggregates.
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Table 22. Overall and specific strengths of iron doped and co-doped bauxite derived blends. The ±
values indicate the 90% confidence interval based on 40 individual tests.
Characteristic Strength
Temperature (°C)

Undoped

Low
Fe2O3

High
Fe2O3

1450
1500
1550

76 ± 7
74 ± 7
234 ± 22

217 ± 19
270 ± 26
157 ± 13

223 ± 21
99 ± 5
44 ± 4

Temperature (°C)

Undoped

Low
Fe2O3

High
Fe2O3

1450
1500
1550

22 ± 2
23 ± 2
76 ± 7

63 ± 6
80 ± 8
45 ± 4

62 ± 6
28 ± 1
12 ± 1

Low
High
CoDoped CoDoped
130 ± 10
234 ± 28
245 ± 25

255 ± 23
236 ± 18
141 ± 10

Specific Strength
Low
High
CoDoped CoDoped
37 ± 3
70 ± 8
72 ± 7

75 ± 7
69 ± 5
40 ± 3

Figure 37. Characteristic strengths of iron doped and co-doped bauxite derived aggregates as a
function of sintering temperature. Error bars indicate 90% confidence intervals based
on 40 individual tests. Typical industrial firing temperatures (1530°-1550°C) and
characteristic strengths (200-250MPa/(g/cc)) for CarboProp and Carbo HSP are
indicated by the shaded box [27].
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Figure 38. Specific strengths of iron doped and co-doped, bauxite derived aggregates as a function of
sintering temperature. Error bars indicate 90% confidence intervals based on 40
individual tests. Typical industrial firing temperatures (1530°-1550°C) and specific
strengths (60-70MPa/(g/cc)) for CarboProp and Carbo HSP are indicated by the
shaded box [27].

Results of the bauxite doping studies have indicated that K2O and Fe2O3 additions have
significant effects on crystallization and densification, which subsequently influence the
final physical and mechanical properties like density and strength. Potassia additions
were intended to enhance low temperature densification through liquid phase sintering by
fluxing the silica phases present in the raw material, like quartz. Glass content analysis
indicated a significant increase in glass content with increasing temperature and K2O
concentration, which is consistent with enhanced liquid phase content during sintering.
Density measurements revealed that true density increased with sintering temperature and
dopant concentration, which was consistent with enhanced corundum content determined
by XRD. Although enhanced mullite content was desired, enhanced corundum content
was observed. Comparison between the starting compositions indicated by Table 14 and
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the K2O-Al2O3-SiO2 phase diagram in Figure 6 revealed that the equilibrium composition
was within the primary crystallization field of corundum, which resulted in the observed
increase in corundum content. Apparent density measurements revealed a decreasing
trend with increasing sintering temperature and dopant concentration, which was
consistent with the development of the isolated pore network observed during
microstructural analysis.

Low temperature densification due to potassia additions

resulted in strength enhancement across the entire temperature range considered. This is
a significant observation, as it implies that potassia doped bauxites may be sintered 3050°C lower than the commercially equivalent materials, thereby facilitating production of
high specific strength aggregates while simultaneously improving process economy.

Results of iron doped and co-doped bauxite also had a pronounced effect on
crystallization and densification. Iron oxide additives were intended to enhance low
temperature densification by promoting the formation of a transient liquid phase during
sintering. Co-doped samples were intended to reveal any synergistic effects between
K2O and Fe2O3 additives.

Glass content analysis revealed no significant increase in

glass content within Fe2O3 doped materials, which is expected due to the anticipated
transient behavior of the liquid, but a slight increase was observed within the co-doped
blends. The additional glass content observed in co-doped blends was attributed to the
potassia additions, which were shown previously to significantly enhance glass content in
the potassia doped bauxite blends. As observed in the K2O doped bauxite blends, mullite
content decreased while corundum content increased with increasing dopant
concentration and sintering temperature in the iron doped blends. Comparison between
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the starting compositions indicated by Table 14 and the Fe2O3-Al2O3-SiO2 phase diagram
in Figure 7 revealed that the equilibrium composition is within the primary crystallization
field of corundum. As a result, an increase in corundum content was observed. Results
of density measurements indicated a trend in decreasing apparent density and relative
density, which was corroborated by pore evolution observed from microstructural
analysis. With exception to the low co-doped blend, pore evolution lead to significant
strength degradation at 1550°C due hematite dissociation. Nevertheless, strengths of the
iron oxide doped blends sintered at 1450°C were comparable to commercially equivalent
materials (CarboProp™ and Carbo HSP™), which are sintered at 1550°C. This indicates
that doping with iron oxide has significant potential for improving process economy
while producing aggregates of equivalent, or greater, characteristic and specific strength.

In summary, the bauxite doping studies have indicated that both K2O and Fe2O3 additions
significantly influence densification and crystallization. Although mullite content was
not enhanced by either dopant, low temperature densification was significantly enhanced
by both dopants. This resulted in strength enhancement at sintering temperatures lower
than those employed during manufacture of commercially available bauxite derived
aggregates (≈1550°C). Although strengths equivalent to commercially available bauxite
derived aggregates were obtained at 1500°C in High K2O doped bauxite derived blends,
the strengths of Fe2O3 doped blends were comparable to the commercial material at
1450°C. This indicates that formation of an iron-rich, transient liquid phase during
sintering is an effective route for improving both strength and process economy in
bauxite derived aggregates.

100

5.3 Kaolinite Controlled Atmosphere Studies
The High Fe2O3 doped kaolinite derived experimental blend was selected for further
study under controlled atmospheres because preliminary testing revealed that more
porosity developed within the material when sintered under oxidizing conditions than the
Low Fe2O3 doped blend.

As a result, High Fe2O3 doped kaolinite is an excellent

candidate for studying the development of core-shell microstructures, which consist of a
densified outer shell surrounding a porous core. If manipulating the valence of iron by
varying oxygen partial pressure during sintering provides a measure of control over the
development of porosity, then it may be possible to tailor aggregate porosity to enhance
desirable material characteristics like specific strength. The purpose of this section is to
outline the reaction sequence of the high iron doped, kaolinite derived blend under each
sintering condition and conclude with a kinetic analysis of pertinent reactions leading to
core-shell microstructural development.
5.3.1 Reaction Sequence in Air
Thermal analysis results for High Fe2O3 doped kaolinite sintered in air are presented in
Figures 39 and 40. The TGA results are presented at two different heating rates, 8° and
16°C/min, and are indicative of the loss of physically and chemically bonded water from
the raw kaolinite powders. Although the weight loss behavior is similar between the two
curves, slightly more weight loss (≈0.2wt%) was observed at the slower heating rate,
which is a common kinetic effect when slower heating rates are used. Since 16°C/min is
closer to the heating rate experienced during industrial manufacturing, this curve will be
described in greater detail. On average, kaolinite TGA runs in air at 16°C/min exhibited
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a weight loss of ≈ 6.2% during heating. Weight loss occurred rapidly at first, but then
leveled off with increasing temperature up to ≈1380°C. Above this temperature weight
loss resumed and was attributed to the dissociation of hematite. Although only the
heating portion of the curve is depicted in Figure 39 for clarity, an additional loss of
0.1wt% was observed during the isothermal hold at 1450°C and followed by a weight
gain of 0.7wt% upon cooling.

These observations are consistent with hematite

dissociation, which is described in Equation 10 (reproduced here for convenience), upon
heating and subsequent reoxidation upon cooling.
ο
C
3Fe 2O3 ⎯1380
⎯⎯
→ 2 Fe3O 4 + 1 O2
2

(10)

Differential thermal analysis (DTA) traces were collected simultaneously during TGA
experiments and are presented in Figure 40. The results indicate that kaolinite exhibits
similar thermal behavior at both heating rates. However, it can be seen that the 16°C/min
curve exhibits a more well defined exothermic peak at ≈980°C than the 8°C/min curve.
This feature is indicative of aluminosilicate spinel formation and can be influenced by the
subtle plateau (≈575°-800°C) in the 16°C/min curve, which is an endothermic
transformation caused by the collapse of layered kaolinite structure into metakaolin [17,
19]. Subjecting kaolinite to faster heating rates has been shown to cause greater disorder
in metakaolin, leading to greater endotherms for metakaolin formation and greater
exotherms for the crystallization of the aluminosilicate spinel [47]. Overall, significant
peaks were observed during the 16°C/min run at 988°, 1224°, 1333°, and 1380°C. These
peak temperatures were used to design interrupted sintering studies that were intended to
reveal the crystalline phase evolution within High Fe2O3 doped kaolinite sintered in air.
Interrupted sintering studies indicated that peaks detected at 988°, 1224°, 1333°, and
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1380°C corresponded to the formation of an aluminosilicate spinel, mullite, cristobalite,
and pseudobrookite, respectively.

16°C/min

8°C/min

Figure 39. TGA results for High Fe2O3 doped kaolinite heated to 1450°C in air

Plateau
Spinel
Pseudobrookite

Mullite
Cristobalite

Figure 40. DTA results for High Fe2O3 doped kaolinite heated to 1450°C in air
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Interrupted sintering studies were performed by quenching samples below and above the
temperatures of thermal events indicated by DTA. Quenched samples were analyzed by
XRD to identify the thermal events and reveal the crystalline phase evolution within High
Fe2O3 doped kaolinite sintered in laboratory air. Results of the crystalline phase analysis
are summarized in the paragenesis chart presented in Figure 41 and described by the
reactions presented in equations 24-28.

480°

950°

1100°

1250°

1330°

1380°

1450°

Kaolinite
Metakaolin
Spinel
Anatase
Rutile
Quartz
Hematite
Mullite
Cristobalite
Pseudobrookite
Figure 41. Paragenesis chart for High Fe2O3 doped kaolinite sintered in air. Solid lines indicate the
phase is present, dots indicate the first, or last, observation of the phase, and dotted lines
indicate that phase constituents are in solution.

Although the diffraction pattern of the unfired material was primarily consistent with
metakaolin, several diffraction peaks were detected that were consistent with kaolinite
(Al2Si2O5(OH)4; ICDD# 14-0164). In addition, anatase (TiO2; ICDD# 21-1272), quartz
(SiO2; ICDD# 46-1045), and rutile (TiO2; ICDD# 21-1276) were also detected in the raw
materials. Hematite (Fe2O3;ICDD# 33-0664), which was intentionally added to the
experimental blend, was also detected. From Figure 41, it can be seen that kaolinite is no
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longer detected above 480°C. This is consistent with the endothermic transformation of
the layered kaolinite structure collapsing to form metakaolin as described by equation 24
and consistent with the plateau observed in the DTA trace in Figure 40.

o

C
⎯⎯
→ Al 2O3 ⋅ 2 SiO 2 + 2 H 2O
Al 2O3 ⋅ 2 SiO 2 ⋅ 2 H 2O ⎯500

Kaolinite

Metakaolin

(24)

+ Water

As mentioned previously, prior works have shown that faster heating rates lead to greater
disorder in the metakaolin structure resulting in larger endotherms at 500°C and greater
exotherms at 980°C. In addition, faster heating rates can also cause 980°C exotherm to
shift to a slightly lower temperature, which is observed upon comparison of the 16°C/min
and 8°C/min curves in Figure 31 [47]. Crystalline phase analysis of samples interrupted
before and after the peak observed at 988°C in the 16°C/min trace in Figure 31 reveal the
presence of the aluminosilicate spinel described in equation 25 [18].

o

988 C
Si 4 Al 4O14 ⎯⎯
⎯→ Si3 Al 4O12 + 2SiO 2

Metakaolin

Spinel

(25)

+ Silica

Although the aluminosilicate spinel is detected in the sample prior to the exotherm at
988°C, this observation is consistent with the literature, which describes the structural
rearrangement of metakaolin into an aluminosilicate spinel prior to the formation of high
temperature phases like mullite (Al6Si2O13;ICDD# 15-0776) [19].

In fact, mullite

formation was not detected until samples were interrupted at 1250°C, which suggests that
the exothermic peak at 1224°C is due to the mullite formation reaction described by
equation 26.
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o
C
⎯⎯
→ 1 ( 3 Al 2O3 ⋅ SiO 2 ) + 1 SiO 2
SiAl 2 O 4 ⎯1244
3
3

Spinel

Mullite

(26)

+ Amorphous Silica

The intensities of anatase reflections began to decrease above 950°C while those of rutile
increased, corresponding to the conversion of anatase to rutile, which is known to occur
above 915°C [48]. Both anatase and rutile phases are detected for the last time in the
1250°C sample, indicating that they are consumed by reaction with the surrounding
crystalline phases. No quartz was detected above 1330°C, indicating that it had reacted
with the surrounding phases, which included an amorphous silica phase. From this
phase, cristobalite is known to form < 1350°C and the analysis of crystalline phases
presented in Figure 41 reveals the presence of cristobalite [25, 49]. This suggests that the
exotherm observed at 1333°C in Figure 40 is the result of cristobalite formation from an
amorphous silica phase as described by equation 27.

o

C
SiO 2 ⎯1387
⎯⎯
→ SiO 2

Amorphous Silica

(27)

Cristobalite

Analyses of samples interrupted at 1380°C revealed the presence of pseudobrookite
(Fe2TiO5;ICDD# 41-1432), indicating that the exotherm observed at 1380°C in Figure 40
is the result of iron and titanium reacting to form pseudobrookite as described by
equation 28.
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o

C
Fe 2O3 + TiO 2 ⎯1380
⎯⎯
→ Fe 2TiO 5

Hematite + Rutile

(28)

Pseudobrookite

The microstructural evolution of High Fe2O3 doped kaolinite derived aggregates sintered
in laboratory air is presented in Figures 42 and 43. Figure 42a reveals the microstructure
of the aggregates in their green state, which was obtained by freezing a green aggregate
with liquid nitrogen, fracturing it compression, and analyzing the resulting fracture
surface. At higher magnification, there are a few particles that appear to have the angular,
or plate-like, morphology expected of kaolinite.

However, the topography of the

fractured surface made it difficult to discern other features or obtain additional
information through energy dispersive spectroscopy (EDS). Since fractured surfaces
were difficult to analyze, further microstructural analysis was reserved for samples that
were strong enough to withstand the polishing procedure described in chapter 4.
Micrographs of the High Fe2O3 doped kaolinite blend interrupted at 1250°C (Figure 42b)
in air reveal lath-like grain morphologies consistent with the presence of mullite indicated
in Figure 41 and large, white grains that were found to be iron-rich by EDS and
determined to be hematite by XRD (see Figure 41). The white hematite phases became
less prominent as temperature was increased to 1330°C (Figure 33c).
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Micrographs of High Fe2O3 doped kaolinite derived aggregates interrupted at 1380°C in
laboratory air (see Figure 43) reveal several interesting features that include; 1) the
formation of dark, silica rich phases, 2) a significant increase in porosity, and 3) a
reduction in the size and prevalence of the hematite phases. The formation of dark,
silica-rich phases is consistent with cristobalite as indicated in Figures 40 and 41, and the
increase in porosity corresponds to the hematite dissociation reaction presented in
Equation 10.

Reduction in large, white, iron-rich phases indicates that hematite is

reacting with the surrounding aluminosilicate phases as predicted by the ternary phase
relationships in the alumina-silica-iron oxide phase diagram (see Figure 7, Chapter 2).
From this diagram, a ternary eutectic at 1380°C can be observed in the iron-rich side of
the phase diagram. The development of a liquid phase at 1380°C to enhance low
temperature densification was the motivating hypothesis for studying Fe2O3 additions,
and the micrographs presented in Figure 43 indicate that Fe2O3 is, in fact, reacting and
entering solution with surrounding phases resulting in smaller, diffuse, iron-rich phases
consistent with pseudobrookite (see Figure 43b). The pseudobrookite phase was detected
by XRD (see Figure 41) at 1380°C and these phases are more defined in Figure 43c,
which illustrates the microstructure after holding for 1450°C for 30 minute and then
being cooled with the furnace. Although the differences observed when comparing
quenched and cooled samples are often due to kinetic effects, the fact that the iron-rich
pseudobrookite phase is better defined after cooling with the furnace than after air
quenching suggests that the oxidation state of iron significantly influences its solid
solubility in silica.

109

110

Overall, results of studying the reaction sequence in High Fe2O3 doped kaolinite in air are
in agreement with reactions established in the literature and indicate that hematite
dissociation influences the microstructural evolution within the material by causing pore
development. Microstructural analysis has also suggested that the oxidation state of iron
influences its solid solubility and, subsequently, the distribution of iron within the
microstructure. This is an important observation as the distribution of iron is proposed to
influence the development of the core-shell microstructure during reoxidation. As a
result, iron distribution will be studied further during microstructural analysis of High
Fe2O3 doped kaolinite aggregates sintered under reducing atmospheres.
5.3.2 Reaction Sequence Under Reducing Conditions
Thermal analysis results for High Fe2O3 doped kaolinite sintered under reducing
conditions are presented in Figures 44 and 45. The TGA results in Figure 44 reveals that
weight loss behavior of the raw powders under reducing conditions is similar between the
two heating rates considered (8° and 16°C/min), but somewhat different than that
observed in air (Figure 39). Unlike the gradual weight loss observed during TGA in air,
the TGA traces performed under reducing environments exhibited weight loss rate
increases at 152°C, 890° and 1220°C. In addition, the amount of weight loss observed in
the 16°C/min sample was greater than that observed in the 8°C/min curve, which was
unexpected. However, the onset temperatures for changes in weight loss behavior were
shifted to higher temperatures for the 16°C/min than the 8°C/min curve, which is a
kinetic effect that is typical when faster heating rates are employed. Nevertheless, the
overall weight loss exhibited by the 16°C/min curve was determined to be 6.5wt%, which
is comparable to the weight loss observed in air.
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DTA traces of the High Fe2O3 doped kaolinite heated under reducing conditions are
presented in Figure 45. The DTA traces are quite different from those observed in air
and exhibit disparities between the two different heating rates. Both curves exhibit peaks
at approximately 980°, but the 16°C/min curve exhibits peaks at ≈1084°, 1217°, and
1353°C whereas the 8°C/min curve only exhibits peaks at 1170° and 1348°C. This
suggests that heating rate influences the crystallization of phases within kaolinite under
reducing conditions. Since it is closer to the heating rate used in industry and also the
heating rate used during the preliminary studies of the core-shell microstructure, the
16°C/min heating curve was used to design interrupted sintering studies to determine
crystalline phase evolution. After analysis, the peaks of the 16°C/min curve located at
980°, 1084°, 1217°, and 1353°C were related to the crystallization of aluminosilicate
spinel, mullite, cristobalite, and ulvospinel (Fe2TiO4; ICDD# 34-0177), respectively.
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8°C/min

16°C/min

Figure 44. TGA results for High Fe2O3 doped kaolinite heated to 1450°C under reducing conditions

Ulvospinel
8°C/min

Cristobalite
Spinel
Mullite

16°C/min

Figure 45. DTA results for High Fe2O3 doped kaolinite heated to 1450°C under reducing conditions
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Crystalline phase analysis of samples generated from interrupted sintering studies
performed on raw High Fe2O3 doped kaolinite sintered under reducing conditions are
summarized in the paragenesis chart in Figure 46 and described by the reactions in
equations 29-33.

480°

950°

1100°

1200°

1300°

1400°

1450°

Kaolinite
Metakolin
Spinel
Hematite
Quartz
Anatase
Rutile
Mullite
Cristobalite
Magnetite
Hercynite
Ulvospinel
Iron
Figure 46.

Paragenesis chart for High Fe2O3 doped kaolinite sintered under reducing conditions.
Solid lines indicate the phase is present, dots indicate the first, or last, observation of
the phase, and dotted lines indicate that phase constituents are in solution.
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As before, kaolinite was detected in the raw material, but is absent in materials sintered
above 480°C, which is the above the transformation temperature for kaolinite to
metakaolin as described by equation 29 [17].

o

C
Al 2O3 ⋅ 2 SiO 2 ⋅ 2 H 2O ⎯500
⎯⎯
→ Al 2O3 ⋅ 2 SiO 2 + 2 H 2O

Kaolinite

Metakaolin

(29)

+ Water

Hematite transformed to magnetite (Fe3O4;ICDD# 19-0629) 480°C, but it was difficult to
correlate this transformation with DTA results due to the convoluted behavior observed
below 600°C in Figure 45, which is attributed to the combination of kaolinite’s
dehydroxylation to form kaolinite as well as the reduction of hematite to magnetite.
Based on the paragenesis chart presented in Figure 46, magnetite reacts with alumina to
form hercynite (FeAl2O4;ICDD# 34-0192) at 1100°C. Hercynite formation is significant
because it indicates that localized compositions surrounding the dopant particles are close
to the low temperature (1150°C) ternary eutectic composition presented in Figure 8,
which was the motivation for sintering Fe2O3 doped aggregates under reducing
conditions. Liquid phase formation resulting from this metastable eutectic liquid was
intended to enhance low temperature densification and lower the sintering temperature
required to obtain high strength aggregates. The alumina that reacts with magnetite to
form hercynite is present as a binary amorphous aluminosilicate phase that accompanies
the formation of the aluminosilicate spinel resulting from the transformation of
metakaolin. Spinel formation corresponds to the exotherm at 980°C in Figure 45 and is
described by equation 30 [20].
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o

980 C
Si 4 Al 4 O14 ⎯⎯
⎯→ Si3 Al 4O12 + 2SiO 2

Metakaolin

Spinel

(30)

+ Silica

In addition, mullite appeared for the first time, and anatase for the last time, at 1000°C.
Mullite formation, which is described by equation 31 and corresponds exotherm at
1084°C, occurs at lower temperature under reducing conditions relative to the air fired
kaolinite (1240°C). This is a particularly important feature as mullite is associated with
favorable properties such as high strengths and relatively low densities in aluminosilicate
derived aggregates. Mullite and the aluminosilicate spinel both appear at 1100°C, which
indicates that the aluminosilicate spinel transforms rapidly to mullite under reducing
conditions [50].

o
C
SiAl 2 O 4 ⎯1084
⎯⎯
→ 1 ( 3 Al 2O3 ⋅ SiO 2 ) + 1 SiO 2
3
3

Spinel

Mullite

(31)

+ Amorphous Silica

From Figure 46, the absence of anatase above 1100°C, which is above the rutile-anatase
phase transformation temperature (i.e. 915°C), indicates that anatase has transformed to
rutile. Quartz reacted and entered solid solution with the amorphous silica phase above
1200°C. From this amorphous phase, cristobalite formation occurred and was associated
with the exotherm at 1217°C and described by equation 32.

o

C
SiO 2 ⎯1217
⎯⎯
→ SiO 2

Amorphous Silica

(32)

Cristobalite
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Rutile reacted above 1200°C with iron to form ulvospinel(Fe2TiO4;ICDD# 34-0177) as
described by equation 33. Although ulvospinel is detected 1300°C, it is still associated
with the exotherm at 1353°C because the peak is rather broad, which makes the onset
temperature difficult to determine. Finally, as the sintering temperature exceeds 1400°C,
metallic iron(Fe; ICDD# 6-0696) is detected in the crystalline phase assemblage.

o

C
2 FeO + TiO 2 ⎯1353
⎯⎯
→ Fe 2TiO 4

Wustite + Rutile

(33)

Ulvospinel

The microstructural evolution of High Fe2O3 doped kaolinite fired under reducing
atmospheres is presented in Figure 47. From Figure 47a, it can be seen that there are
significant compositional modulations present within the microstructure. Spectroscopic
analysis of the lighter phase observed in 47a reveals iron enrichment, which is consistent
with the development of a significant amount of liquid phase enriched in ferrous iron.
This supports the hypothesis that reduction of Fe3+ to Fe2+ leads to the development of an
iron-rich liquid phase during sintering and is corroborated by the presence of hercynite,
which indicates that liquid phase formation has resulted from the ternary eutectic
presented in Figure 8. Figure 47b indicates that the iron-rich liquid has become
ubiquitous with exception to the outer rim of the microstructure. Small, bright white
phases are present in Figure 47b, and are more prominent in Figure 47c. These phases
have been identified as metallic iron by x-ray diffraction and are distributed throughout
the microstructure, but also form as nodular decorations on the surface of the aggregate in
47c.
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Studying the reaction sequence of high iron doped kaolinite sintered under reducing
conditions has revealed that iron oxide reacts with the surrounding microstructure to form
several different iron containing phases as it is reduced from ferric iron (Fe3+) to ferrous
iron (Fe2+), and finally metallic iron (Fe0). As iron was reduced, it entered the glass
phase and eventually formed metallic iron phases within the microstructure as well as
iron nodules, which decorated the surface of the aggregate. These surface decorations
will oxidize during a subsequent reoxidation treatment and form an oxide layer. As
temperatures are increased during the secondary thermal treatment, the oxide layer reacts
with the aggregate to form a layer that is relatively dense compared to the porous core,
which results from high temperature dissociation of hematite within the interior of the
aggregate.

5.3.3 Reaction Sequence Under Reoxidation
Thermal analysis results for High Fe2O3 doped kaolinite subjected to reoxidation are
presented in Figures 48 and 49.

The samples analyzed here have been previously

reduced and then powdered for thermal analysis. The trends in weight change are similar
between the two heating rates considered (8° and 16°C/min) and are consistent with
weight gain (≈1.5wt%) due to the oxidation of the metallic iron decorations that were
present after sintering in a reducing atmosphere. Weight gain was followed by weight
loss (≈0.3wt%) as temperature was increased above 1380°C and attributed to hematite
dissociation (see equation 10). Overall, the weight change behavior presented in Figure
48 can be divided into three separate stages. During the first stage (i.e. < 750°C), weight
gain is very rapid but decreases and becomes linear during the second stage, between
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750° and 1200°C. This suggests a change in controlling mechanism for metallic iron
oxidation. The final stage > 1200°C is characterized by the weight change leveling off
before finally decreasing rapidly above 1380°C.

This high temperature behavior is

consistent with a developing oxide layer that becomes unstable as it is raised above its
dissociation temperature:
ο
C
3Fe 2O3 ⎯1380
⎯⎯
→ 2 Fe3O 4 + 1 O2
2

(10)

Results of the DTA studies conducted under reoxidizing conditions reveal features that
were not as distinct as those seen in previous analyses. As a result, interrupted sintering
studies were conducted across a broad temperature range to determine the crystalline and
microstructural phase evolution during reoxidation. Sintering studies were interrupted to
determine if relevant events occurred at 1190° or 1350°, because broad, subtle peaks
were observed at these temperatures during the 16°C/min curve.

X-ray diffraction

indicates that these peaks are associated with the crystallization of hematite and
pseudobrookite, respectively.
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8°C/min

16°C/min
Stage 1
Stage 2

Stage 3

Figure 48. TGA results for High Fe2O3 doped kaolinite heated to 1450°C under reoxidizing
conditions

Hematite
Pseudobrookite

Figure 49. DTA results for High Fe2O3 doped kaolinite heated to 1450°C under reoxidizing conditions
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The crystalline phase evolution of High Fe2O3 doped kaolinite under reoxidizing
conditions is presented in Figure 50. Mullite and cristobalite are present throughout the
entire sintering process. However, metallic iron and ilmenite (FeTiO3;ICDD# 29-0733)
are consumed above 900°C.

Figure 50. Paragenesis chart for High Fe2O3 doped kaolinite sintered under reoxidizing conditions.
Solid lines indicate the phase is present, dots indicate the first, or last, observation of the
phase, and dotted lines indicate that phase constituents are in solution.

At 1250°C, maghemite (Fe2O3;ICDD# 39-1346) and hematite appear, indicating that the
iron cations in metallic iron and ilmentite have oxidized according to equation 34.

o
C
⎯⎯
→ Fe 2O3
2 Fe 3+ + 3 O 2 ⎯1186
2

Ferric Iron + Oxygen

(34)

Hematite

These oxidative transformations correspond to the broad exothermic peak observed at
1186°C. Titanium and iron oxides react to form pseudobrookite as indicated by equation
35 at 1375°C and correspond to the exotherm at 1350°C in Figure 49.
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o

C
Fe 2O3 + TiO 2 ⎯1375
⎯⎯
→ Fe 2TiO 5

Hematite + Titania

(35)

Pseudobrookite

Microstructural evolution of reoxidized kaolinite is presented in Figures 51 and 52.
Figure 51a illustrates the microstructure of samples fired under reducing conditions, but
before being reoxidized.

Upon heating to 900°C in air, the nodular metallic iron

decorations at the surface retain their morphology, but a greater amount of light phase
can be seen in the interior of the microstructure, indicating that metallic and ferrous iron
cations are reacting with the surrounding phases. This is corroborated by XRD results,
which indicate that iron and ilmenite react as temperatures are increased above 900°C.
The lighter phases persist at 1250°C, but the metallic decorations have been oxidized to
form hematite, as indicated in Figure 50, and wet the surface of the aggregate. As the
temperature is increased to 1375°C (Figure 52a), it is apparent that the hematite coating is
reacting with the surface of the aggregate.

Upon reaching 1450°, compositional

modulations can be seen in the microstructure, similar to those observed in Figures 47a
and 47b, and the porosity is noticeably larger. Compositional modulations indicate that
the oxide layer is being reduced from Fe3+ to Fe2+ above the hematite dissociation
temperature and reacting with the aggregate by entering solid solution with the glassy
phase. Increased pore size evident in Figures 52b and 52c is due to the dissociation of
hematite described by equation 10. Therefore, it is clear that two, potentially competing,
reactions occur upon reoxidation of samples fired originally under reducing conditions:
evolution of an iron oxide-rich shell with concurrent internal pore evolution as
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dissociation of iron oxide occurs. Careful control of reoxidation temperatures could
permit manipulation of the most prevalent reactions, and allow substantial latitude in
microstructural tailoring.

This may facilitate production of high specific strength

aggregates, which is of significant interest for proppant applications.
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5.3.4 Kinetics of Core-Shell Development
Reoxidation of High Fe2O3 doped kaolinite aggregates previously sintered under reducing
conditions revealed three distinct oxidation regimes that contribute to the development of
a core-shell microstructure.

Determining the kinetics of these reaction mechanisms

should provide microstructural control and may facilitate fabrication of aggregates with
tailored porosity. The kinetics of each stage observed during the reoxidation of high iron
doped kaolinite will be examined in this section and the results are expected to provide a
measure of control over the subsequent core shell microstructure.
During stage 1, the previously reduced aggregates exhibited rapid weight gain as they are
reoxidized in air. This is characteristic of the oxidation of metallic iron to form iron
oxide, as follows;
o

C
Fe + O ⎯600
⎯⎯
→ FeO

(36)

To confirm this hypothesis, isothermal studies were conducted at four temperatures
within the first stage of reoxidation (575°, 600°, 625°, and 650°C). A typical isothermal
plot of weight % vs. time is presented in Figure 53. Although there is an interruption in
this plot, the curvature appears to be parabolic, which is characteristic of the oxidation
behavior of iron first described by Wagner[51]. As for the interruption in curvature, this
is typical of oxidation behavior. When an oxide with a larger molar volume than the base
metal forms, significant stresses can develop and result in the formation of lateral cracks
through the developing oxide layer.

These cracks expose new surfaces to the

environment for oxidation, creating paths for oxygen diffusion allowing weight gain to
resume. This is a common observation in oxidation studies and is often characterized by
plots like Figure 53 [52].
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Figure 53. Isothermal TGA trace from stage 1 reoxidation at 600°C in High Fe2O3 doped kaolinite

Data from isothermal TGA curves were analyzed with different kinetic models to
determine the most appropriate model (see Appendix D) [53]. Before this was possible,
the raw data, in weight loss (%), was put in terms of a fractional reaction, or α, using
equation 37.

α=

(mo − m )

(m

o

− mf )

(37)

Equation 37 relates α to the original mass (mo), instantaneous mass (m), and final mass
(mf). Once this was done, the data was fit with different kinetic models until the model
that provided the most linear fit over the greatest range of time was determined.
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Although the isothermal TGA data from stage 1 reoxidation in High Fe2O3 doped
kaolinite exhibited the parabolic behavior anticipated for iron oxidation, a shrinking core
model actually provided a better fit to the data. The shrinking core model employed in
this study is presented in Figure 38 and is often used in describing the reaction between a
spherical particle and the surrounding atmosphere. Equation 38 relates the fractional
reaction, α, to the reaction rate, k, and the time, t [13, 53-55].

(1 − (1 − α ) ) = kt
1

3

2

(38)

Reaction rates determined from isothermal studies conducted at 575°, 600°, 625°, and
650°C were plotted as the natural log versus the inverse of temperature in °K to obtain
the Arrhenius plot presented in Figure 54, which is described by equation 39.

ln k = ln A −

E⎛1⎞
⎜ ⎟
R ⎝T ⎠

(39)

Equation 39 relates the reaction rate, k (%/min) to the frequency function, A (%/min),
which is the y-intercept, and the activation energy, E (kJ/mol), which is proportional to
the slope, as a function of temperature, T (°K).

The trend line in Figure 45 was fitted using the least squares method of regression and the
slope suggests an activation energy of 121kJ/mol, which is comparable activation energy
for Fe diffusion in FeO (126kJ/mol) [52]. However, the linear correlation coefficient is
low (r2=0.52) and the 95% confidence interval is large (±128kJ/mol).

The lack of

linearity in the Arrhenius plot and the interruption in the isothermal TGA traces suggest
that multiple reaction mechanisms are occurring over this temperature range and prevents
statistically significant discrimination of a dominant mechanism.
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0
y = -14801x + 11.318
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R = 0.5352

-1

ln k

-2
-3
-4
-5
-6
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1/923°K

1/898°K 1/T 1/873°K
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Figure 54. Arrhenius plot constructed from isothermal studies of High Fe2O3 doped kaolinite at
575°, 600°, 625°, and 650°C (i.e. 848°, 873°, 898°, and 923°K, respectively). Slope
indicates an activation energy of 121kJ/mol with a 95% confidence interval of ±
128kJ/mol.

The second stage of reoxidation (between 750° and 1200°C) in the High Fe2O3 doped
kaolinite blends was also analyzed by isothermal TGA studies, which were executed at
900°, 950°, 1000°, and 1050°C. Although continued weight gain due to oxidation was
expected, all of the isothermal results revealed weight loss behavior similar to that
presented in Figure 55. Despite initial weight gain as the aggregates were ramped to the
isothermal temperature, the isothermal studies revealed an average weight loss of 0.14 ±
0.07wt%, which is greater than the precision of the instrument (± 0.02wt%). Attempts to
construct Arrhenius plots based on the rates obtained from the isotherms were
unsuccessful despite comparison with different kinetic models. The reaction presented in
equation 40 was proposed to explain the weight loss observed in these isothermal studies.
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Figure 55. Isothermal TGA trace at from stage 2 reoxidation at 1000°C in High Fe2O3 doped
kaolinite

Fe3O 4 + 3TiO 2 → 3FeTiO 3 + 1 O 2
2

(40)

The paragenesis chart presented in Figure 50 describes the crystalline phase evolution for
High Fe2O3 doped kaolinite during reoxidation and suggests that iron and ilmenite react
and enter an iron rich phase above 900°C. This is corroborated by the micrographs of
reoxidized High Fe2O3 doped kaolinite presented in Figures 51b and 51c, which reveal a
light, iron and titanium rich phase. Assuming that equation 40 is limited by TiO2 content,
normative calculations based on the chemical analysis presented in Table 4 indicate the
percent of weight loss due to oxygen generated during the reaction proposed in equation
40 is 0.14wt%. This is identical to the average weight loss observed during these studies
and suggests that the reaction proposed in equation 40 may be operative in High Fe2O3
doped kaolinite at these temperatures.
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After 200 minutes, the isothermal TGA studies indicated that weight gain resumed during
the second stage of reoxidation in the High Fe2O3 doped kaolinite blend. Weight gain
was linear in these regions and the slopes of the plots were used to construct the
Arrhenius plot presented in Figure 56. The slope of this plot indicates an activation
energy of 384kJ/mol and is accompanied by a 95% confidence interval of ±7kJ/mol,
which is comparable to the activation energy for oxygen diffusion in Fe2O3 (326kJ/mol)
[52]. This suggests that further oxidation is limited by the diffusion of oxygen through an
oxide coating that develops on the aggregate. Overall, the reduced rate of weight gain
observed during the second stage of reoxidation in High Fe2O3 doped kaolinite relative to
the first stage is due to competition between iron reacting with the surrounding phases, as
described by equation 40, and diffusion controlled oxidation due, as described by
equation 41.
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Figure 56. Arrhenius plot constructed from isothermal studies of High Fe2O3 doped kaolinite at 900°,
950°, 1000°, and 1050°C (i.e. 1173°, 1223°, 1273°, and 1323°K, respectively). Slope
indicates an activation energy of 384kJ/mol with a 95% confidence interval of ± 4kJ/mol.
o
C
2 Fe 3O 4 + 1 O 2 ⎯1000
⎯⎯
→ 3Fe 2O3
2

(41)

In addition to isothermal TGA studies conducted during the second stage of reoxidation,
aliquots of reduced material were subjected to isothermal reoxidation studies and
analyzed for microstructure and crystalline phase content.

Micrographs of samples

treated isothermally within the second stage of reoxidation, which is below the hematite
dissociation temperature, are presented in Figures 57-59, and Figure 61 for comparison.
Results of EPMA analysis are presented in Figure 60 for samples held at 1100°C for 4
minutes and 64 minutes. From these figures, it is clear that the nodular, metallic iron
decorations begin to wet the surface of the aggregate as oxidation proceeds. This occurs
more rapidly with increasing temperature, as expected, until a fine layer of hematite
forms over the aggregate surface. This observation corroborates the TGA analyses of the
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second stage of reoxidation for High Fe2O3 doped kaolinite, which suggested that
oxidation is controlled by oxygen diffusion through the developing hematite layer.
Higher magnification reveals the development of cracks on the edge of the aggregate
cross section. The larger molar volume of the developing oxide layer results in stresses
within the layer and leads to the development of cracks. From these micrographs, it can
be seen that both radial cracks, which run from the surface to the oxide-aggregate
interface, and transverse cracks, which run parallel to the oxide-aggregate interface, form
as the oxide layer grows.

Cracks confound the analysis of gas-solid reaction kinetics

because they indicate the development of significant lattice strains and new surfaces,
which enhance and alter the controlling reaction mechanisms, respectively. As a result,
the dominant reoxidation mechanisms for High Fe2O3 doped kaolinite are difficult to
discriminate. EPMA analysis in Figure 60 indicates an iron-depleted zone within the first
10μm of the aggregate surface, consistent with the segregation of non-wetting, metallic
iron to the surface of the particle during the reducing treatment. EPMA also revealed that
aluminum and silicon were distributed throughout the microstructure and indicated
preferential segregation of iron and titanium. Subsequent analysis by XRD, which will
be discussed next, identified aluminum and silicon as mullite while iron and titanium
segregation was consistent with the presence of minor amounts of ilmenite and
pseudobrookite.
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Crystalline phase contents of samples treated isothermally below the hematite
dissociation temperature were analyzed to determine the kinetics of crystalline phase
evolution during the second stage of reoxidation in High Fe2O3 doped kaolinite. Results
of these analyses are presented in Table 23. Analysis of the 4min sample at 1000°C
indicates the same crystalline phase assemblage as the High Fe2O3 doped material after
being sintered in a reducing environment, with the exception of ilmenite (FeTiO3) being
detected instead of ulvospinel (FeTi2O4). Regardless, this phase occurs only in minor to
trace amounts (<5wt%) and is consumed as the isothermal temperatures are increased
above 1100°C or held for longer than 36 min at 1100°C. Although no statistically
significant quantitative trends were observed at 1000°C, comparison between 1000° and
1100°C isotherms indicates that metallic iron (Fe0) and ferrous iron (Fe2+) become
oxidized, as expected, and form ferric iron (Fe3+) containing phases like maghemite
(Fe2O3;ICDD# 39-1346), hematite, and pseudobrookite after 64min at 1100°C.
Maghemite is similar to magnetite, but, unlike magnetite, maghemite possesses Fe3+
cations on all atomic sites and not a mixture of Fe3+ and Fe2+ cations on octahedral and
tetrahedral sites, respectively. As the isothermal temperature is increased to 1200° and
1300°C, the crystalline phase assemblage consisted of mullite, cristobalite, hematite, and,
typically, pseudobrookite. Although the general trends in crystallization presented in
Table 22 are consistent with the expected affect of iron oxidation, it was difficult to
obtain statistically significant trends that would permit the kinetics of crystalline phase
evolution regarding iron oxidation to be quantified.

Nevertheless, the trends in

crystallization coupled with microstructural evaluation support the oxidation mechanisms
suggested by TGA for stage 2 reoxidation of High Fe2O3 doped kaolinite.
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Table 23.

Crystalline phase assemblages of High Fe2O3 doped kaolinite subjected to stage 2
reoxidation. All values are given in wt% and associated with a precision of # 5wt%.
Blanks indicate that the phase was not detected under the experimental conditions.
1000° C
Mullite
Cristobalite
Iron
Hercynite
Ilmenite
1100° C
Mullite
Cristobalite
Iron
Hercynite
Ilmenite
Hematite
Pseudobrookite
Maghemite
1200° C
Mullite
Cristobalite
Hematite
Pseudobrookite
1300° C
Mullite
Cristobalite
Hematite
Pseudobrookite

4 min
75
12
1
10
2

16 min
75
12
1
10
2

36 min
78
12
1
8
2

64 min
76
12
0
8
3

77
17
1
3
2

78
14

81
13

74
12

6
2

4
2
5
1
9

83
8
9

82
12
3
3

74
13
8
5

80
12
8

81
12
5
3

80
12
4
4

83
10
3
4

79
10
6
5
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Stage 3 reoxidation of High Fe2O3 doped kaolinite is characterized by weight loss, which
is attributed to the dissociation of hematite. This reaction was presented earlier in
equation 10 and is reproduced below for convenience.
o
C
3Fe2O3 ⎯1380
⎯⎯
→ 2 Fe3O4 + 1 O2
2

(10)

Isothermal TGA studies were conducted at 1400°, 1415°, 1430°, and 1450°C and the
results were analyzed using the first order kinetic model presented in equation 42.

− ln(1 − α ) = kt

(42)

The resulting Arrhenius plot is presented in Figure 62 and indicates that the activation
energy of weight loss associated with hematite dissociation is 357kJ/mol, which is
comparable to the oxygen diffusion through hematite described previously (326kJ/mol)
[52]. Although the 95% confidence interval is large (±80kJmol), the value suggests that
weight loss due to hematite dissociation (see equation 10) during stage 3 reoxidation in
High Fe2O3 doped kaolinite is controlled by oxygen diffusion.

142

0.0
y = -42902x + 21.827
-0.5

2

R = 0.9618

-1.0

ln k

-1.5
-2.0
-2.5
-3.0
-3.5
-4.0
-4.5

Figure 62.

1/1718°K

1/1703°K

1/T

1/1688°K

1/1673°K

Arrhenius plot constructed from isothermal studies of High Fe2O3 doped kaolinite at
1400°, 1415°, 1430°, and 1445°C (i.e. 1673°, 1688°, 1703°, and 1718°K, respectively).
Slope indicates an activation energy of 357kJ/mol with a 95% confidence interval of ±
50kJ/mol.

In addition to isothermal TGA studies conducted during the stage 3 reoxidation, aliquots
of reduced material were subjected to isothermal reoxidation studies above the hematite
dissociation temperature and analyzed for microstructure and crystalline phase content.
Microstructural analyses are presented in Figures 63-66 and suggest that the iron-rich
hematite layer is reacting and entering solution with the glass phase of the aggregate. A
noticeable increase in porosity is also evident, particularly in samples treated at 1500°
and 1550°C. Although the development of the porous core is readily apparent in low
magnification images, shell development is more easily observed in the higher
magnification images and can be rationalized by studying the contrast in the BSE images.
From the previous microstructural analyses of samples treated isothermally below the
dissociation temperature, it has been established that the surface of the aggregates is
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coated with a fine layer of hematite. Beneath that layer is an iron-depleted zone sub-layer
that contains alumina and silica, consistent with mullite detected by XRD. From the high
magnification BSE images presented in Figures 65 and 66, it can be seen that the
hematite layer is reacting to form compositional modulations within the aggregate that
are similar to those observed when fired under a reducing atmosphere.

Hematite

dissociation reduces ferric iron cations (Fe3+) to ferrous iron cations (Fe2+), which react
with the alumina and silica-rich sub-layer to form the liquid phase described by the
ferrous iron-alumina-silica phase diagram [7]. Mullite grains are observed within this
liquid, but ferrous iron cation incorporation is limited due to the limited solid solubility of
Fe2+ in mullite. The resulting microstructure consists of well-defined mullite grains,
which appear darker in a BSE micrograph that the surrounding, lighter colored, iron-rich
phase.

Although the micrographs of isothermally treated materials reveal the

development of a hematite layer and a reaction layer below and above the dissociation
temperature, respectively, it is difficult to obtain precise, quantitative measurements of
the layers for kinetic analysis. Thickness of the hematite layer is variable, and, when
detected, can be up to 5μm. The reaction layer was only measurable at 1400°C, and was
observed to extend up to ≈30μm from the surface.
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Crystalline phase assemblages of materials that were subjected to isothermal studies
during stage 3 reoxidation of High Fe2O3 doped kaolinite were quantified and are
presented in Table 24. Dissociation of hematite was expected to promote ferrous iron
containing phases, like magnetite, and permit a ratio of Fe3+/Fe2+ phases to be measured.
Changes in this ratio as a function of time at temperature were intended quantify the
kinetics of the dissociation reaction. However, the results presented in Table 24 indicate
that no magnetite or other ferrous iron-bearing phases were detected. Only mullite and
maghemite were detected in the isothermally treated samples. Such results suggest that
the reoxidation of ferrous iron cations is rapid upon cooling, making crystalline phase
analysis of this reversible high temperature phase transformation difficult. Maghemite
peaks were broad with weak intensities, making them difficult to quantify. Attempts to
use slower scan rates to improve the counting statistics were unsuccessful. Clearly there
are many factors that inhibit quantification of hematite dissociation kinetics from
crystalline phase analysis of isothermally treated samples. Nevertheless, the presence of
maghemite in Table 24 suggests that hematite is reduced to magnetite above the
dissociation temperature and reoxidizes quickly upon cooling below the dissociation
temperature. This hypothesis is supported by the weight loss and weight gain observed
as temperatures fluctuate above and below the hematite dissociation temperature
(1380°C) in the TGA traces collected during reaction studies of High Fe2O3 doped
kaolinite sintered in air and under reoxidizing conditions.
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Table 24. Crystalline phase analysis of isothermally reoxidized High Fe2O3 doped kaolinite subjected
to stage 3 reoxidation. All values are in wt% and quantified by RIR method, which has a
precision of # 5wt%. Blanks indicate that the phase was not detected under the
experimental conditions.
Temperature (°C)
1450

1500

1550

Time (min)
4
16
36
64

Mullite
100
100
97
100

Maghemite

4
16
36
64

98
100
94
98

3

4
16
36
64

93
97
100
98

7
4

3

7
2

2

Significant pore evolution observed from microstructural analysis is expected to lower
the apparent and relative densities of the aggregates. To interrogate this effect, the true
and apparent densities of the samples were measured and used to calculate the percent
porosity within the samples. This was done by subtracting the relative density, which
was determined by dividing apparent density by true density, from 100%. Results of
these measurements and calculations are presented in Table 25 alongside theoretical
densities based on the densities of the phases quantified by XRD. From Table 25, it can
be seen that true densities are often in reasonable agreement with the calculated densities
and are typically 3.0g/cc. Apparent density measurements reveal a decreasing trend with
increasing hold times at each isotherm, as expected. However, the 64min isotheral
samples at 1550°C revealed an increase in apparent density. This observation suggests
that the coarse porosity presented in Figure 64 has breached the reaction layer
encapsulating the aggregate. As a result, comparison of the percent porosity determined
by apparent and true density measurements with the void content determined by lineal
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analysis revealed considerable disparity. Both measurements are associated with an error
of ±2%, but the results of % porosity calculations did not indicate increasing trends that
were as significant as those determined form microstructural analysis.
Table 25. Calculated, true, and apparent density measurements of isothermally treated kaolinite
samples reoxidized above dissociation temperature and presented alongside calculated
porosity and measured void content. The 95% confidence interval of the true and
apparent densities is ± 0.04g/cc based on five measurements. The error of the porosity and
void content analyses is ± 2% and ± 1%, respectively.

Time (min)
1450°C

1500°C

1550°C

4
16
36
64
4
16
36
64
4
16
36
64

Calculated
(g/cc)
3.07
3.07
3.12
3.07
3.11
3.07
3.17
3.10
3.18
3.12
3.07
3.10

True
(g/cc)
3.06
3.02
3.02
3.05
3.02
3.03
3.03
3.05
2.98
2.98
3.00
3.06

Apparent
(g/cc)
2.45
2.44
2.36
2.36
2.47
2.38
2.31
2.34
2.39
2.38
2.37
2.52

Porosity (%)

Void Content (%)

20
19
22
23
18
21
24
23
20
20
21
17

7
11
11
17
11
10
14
19
15
18
18
25

Void content analyses from High Fe2O3 doped kaolinite samples subjected to isothermal
studies during stage 3 reoxidation were used to construct the Arrhenius plot presented in
Figure 67. From the slope this plot, the activation energy for development of voids was
determined to be 13 ± 2kJ/mol, which indicates that the barrier for void formation in
High Fe2O3 doped kaolinite is small. This correlates with the result of the kinetic
analyses performed by TGA, which indicated that weight loss due to the egress of oxygen
was limited by diffusion during stage 3 reoxidation. As a result, entrapped oxygen
readily forms voids within the High Fe2O3 doped kaolinite matrix. However, this
activation energy is lower than those expected for creep of the surrounding matrix
(≈200kJ/mol), which suggests multiple mechanisms (e.g. changing molar volumes) are
responsible for void development [56].
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Figure 67. Arrhenius plot for void content in kaolinite at 1400°, 1415°, 1430°, and 1445°C (i.e. 1673°,
1688°, 1703°, and 1718°K, respectively). Slope indicates an activation energy of 13kJ/mol
with a 95% confidence interval of ± 2kJ/mol.

In summary, the results of kinetics studies from the three stages of reoxidation in High
Fe2O3 doped kaolinite indicate reactions that are consistent with the oxidation, and
subsequent dissociation, of hematite.

Changing molar volumes of reactant phases

manifested in cracking, making statistically significant discrimination of the dominant
mechanisms from Arrhenius plots difficult. Nevertheless, stage 1 was interrogated by
TGA and determined to exhibit rapid weight gain comparable to the oxidation of iron as
described in equation 36.
o

C
⎯⎯
→ FeO
Fe + O ⎯600

(36)

Stage 2 oxidation revealed a reduced rate of weight gain relative to stage 1, which was
attributed to competition between oxidized iron reacting with the aggregate (see equation
40) and the diffusion of oxygen through the developing oxide layer (see equation 41).
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These hypothesized reactions were supported by the results of isothermal TGA, XRD,
and microstructural analyses.
Fe3O 4 + 3TiO 2 → 3FeTiO 3 + 1 O 2
2

(40)

o
C
2 Fe3O4 + 1 O2 ⎯1000
⎯⎯
→ 3Fe 2O3
2

(41)

Finally, stage 3 of reoxidation in High Fe2O3 doped kaolinite is characterized by weight
loss due to hematite dissociation, which is described by equation 10.
o
C
3Fe2O3 ⎯1380
⎯⎯
→ 2 Fe3O4 + 1 O2
2

(10)

Isothermal TGA studies indicated that weight loss was controlled by oxygen diffusion
through the iron oxide layer. This inhibits the egress of oxygen from the matrix and
facilitates the rapid pore evolution observed during microstructural analysis.

Void

content analysis based on quantitative microscopy indicated a low activation energy
required for void development in High Fe2O3 doped kaolinite. However, this activation
energy is much lower than the activation energy required for creep in an aluminosilicate
matrix (13kJ/mol vs. ≈200kJ/mol), which suggests multiple mechanisms are contributing
to void development. Nevertheless, the pore development generated during stage 3
reoxidation leads to densities that are lower than commercially equivalent kaolinite
derived blends intended for proppant applications (2.4 vs. 2.8g/cc). Strength tests were
performed on High Fe2O3 doped kaolinite aggregates isothermally reoxidized during
stage 3 to determine if the aggregates exhibited enhanced specific strengths due to the
pore generation. Results of these strength tests are presented in Table 26.
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Table 26. Strengths of High Fe2O3 doped kaolinite samples treated isothermally above and below the
hematite dissociation temperature compared with the strength of reduced material.
Characteristic strengths are given in MPa, Specific strength are given in MPa/(g/cc), and ±
values indicate 90% confidence interval based on 40 independent tests.
Time
(min)
0
4
64
4
64
4
64
4

Temperature Characteristic Specific Strength
(°C)
Strength (MPa)
(MPa/(g/cc))
Reduced
137 ± 8
48 ± 3
48 ± 10
1100
134 ±27
51 ± 9
1100
137 ±24
49 ± 7
1300
133 ±19
58
± 10
1300
151 ±25
44 ± 5
1400
111 ±12
30 ± 3
1400
74 ±8
33 ± 3
1550
80 ±8

Based on the results presented in Table 26, it can be seen that the characteristic strengths
of the reduced aggregates and the isothermally treated, reoxidized High Fe2O3 doped
aggregates are significantly lower than those sintered in air at 1450°C (≈200 – 250MPa).
Reoxidation of High Fe2O3 doped kaolinite offered no significant improvement in
characteristic strength relative to High Fe2O3 doped kaolinite aggregates that were fired
in a reducing environment, which exhibited a characteristic strength of 137 ± 8MPa.
Although the density was reduced from 2.8 to 2.4g/cc as the sintering temperature was
raised above the hematite dissociation temperature, the decline in characteristic strength
was rapid and the specific strengths were not improved relative to the experimental
blends or the commercially available materials. As a result, it does not appear that the
core-shell microstructure can be manipulated by within the High Fe2O3 doped kaolinite
derived aggregates to produce aggregates with superior, or comparable, characteristic or
specific strength. Nevertheless, the ease of generating porosity within this material above
the hematite dissociation temperature may qualify it for other applications that may
utilize aggregates with porous cores, such as casting sands.
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5.4 Bauxite Controlled Atmosphere Studies
The High Fe2O3 doped bauxite derived experimental blend was selected for further study
under controlled atmospheres because preliminary testing revealed that more porosity
developed when sintered under oxidizing conditions than the Low Fe2O3 doped blend.
As a result, the High Fe2O3 doped bauxite is an excellent candidate for studying
development of core-shell microstructures that consist of a densified outer shell
surrounding a porous core. If manipulating the valence of iron by varying oxygen partial
pressure during sintering provides a measure of control over the development of porosity,
then it may be possible to tailor aggregate porosity to enhance desirable material
characteristics like specific strength. The purpose of this section is to outline the reaction
sequence of the high iron doped, bauxite derived blend under each sintering condition
and conclude with a kinetic analysis of pertinent reactions leading to core-shell
microstructural development.
5.4.1 Reaction Sequence in Air
Thermal analysis results for High Fe2O3 doped bauxite sintered in air are presented in
Figures 68 and 69 at two different heating rates, 8°C/min and 16°C/min.
Thermogravimetric results presented in Figure 68 reveal similar weight loss behavior at
both heating rates and is consistent with the loss of physically and chemically bonded
water from raw bauxite powders. The 16°C/min trace, which is more representative of
heating rates used in industrial manufacture, reveals a weight loss of approximately
10wt% during heating. Although not shown in Figure 68, weight loss during heating is
followed by additional loss of 0.1wt% during a 30min hold at 1450°C. Upon cooling, a
weight gain of 0.4wt% is observed. These observations are consistent with hematite
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dissociation upon heating and subsequent reoxidation upon cooling.

Hematite

dissociation is described by equation 10, which is reproduced below for convenience.
o
C
3Fe2O3 ⎯1380
⎯⎯
→ 2 Fe3O4 + 1 O2
2

(10)

Differential thermal analysis of air fired bauxite is presented in Figure 69. From this
figure, similar results are observed at both 8°C/min and 16°C/min and reveal only one
peak. This peak occurs at 1000°C, which is consistent with the transformation of many
alumina hydrates to α-alumina [24].

Interrupted sintering studies were designed to

characterize this peak and examine the crystalline phase evolution at various changes in
curvature along the 16°C/min DTA trace.
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16°C/min

8°C/min

Figure 68. TGA curves for High Fe2O3 doped bauxite heated to 1450°C in air

16°C/min

Corundum
8°C/min

Figure 69. DTA curves for High Fe2O3 doped bauxite heated to 1450°C in air
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Interrupted sintering studies were performed by quenching samples below and above the
temperatures of thermal events indicated by DTA. Quenched samples were analyzed by
XRD to identify thermal events and reveal the crystalline phase evolution within High
Fe2O3 doped bauxite sintered in air. The crystalline phase evolution determined from
interrupted sintering studies performed on High Fe2O3 doped bauxite sintered in
laboratory air are summarized in the paragenesis chart presented in Figure 70.

425°

700°

980°

1100°

1200°

1450°

Corundum
Anatase
Rutile
Quartz
Hematite
Mullite
Pseudobrookite
Figure 70.

Paragenesis chart for High Fe2O3 doped bauxite sintered in laboratory air. Solid lines
indicate the phase is present, dots indicate the first, or last, observation of the phase, and
dotted lines indicate that phase constituents are in solution.

As indicated by the DTA trace, there is little variation in the crystalline phase assemblage
below 1000°C. Although not indicated in Figure 70, corundum (α-Al2O3;ICDD# 461212), which is present throughout sintering, exhibited an increase in intensity at 1100°C
that was preceded by a diffraction pattern consistent with γ-alumina spinel. Based on the
literature regarding polymorphic transformations of metastable alumina to α-alumina,
this evolution in crystalline phase assemblage suggests that boehmite was present in the
parent bauxite [24]. The exotherm observed at 1000°C in the DTA trace is attributed to
this transformation, which is described by equation 43.
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C
γ − AlOOH ⎯1000
⎯⎯
→ α − Al2O3
o

Boehmite

(43)

α-Alumina

The paragenesis chart in Figure 70 suggests that above 1200°C, anatase (TiO2;ICDD# 211272) completely reverts to the lower temperature form of TiO2, rutile (TiO2;ICDD# 211276), and both phases enter solid solution with the glass phase.

Hematite

(Fe2O3;ICDD# 33-0664) also reacts as the temperature is raised above 1200°C and forms
pseudobrookite (Fe2TiO5;ICDD# 41-1432) with titanium in solution with the glass phase
at 1450°C.

Mullite (Al6Si2O13;ICDD# 15-0776) was observed for the first time at

1200°C, which is significantly lower than temperatures reported for secondary
mullitization in mixtures of kaolinite and α-alumina or sapphire and cristobalite diffusion
couples [57, 58].
Micrographs collected from the interrupted sintering studies of air fired, High Fe2O3
doped bauxite aggregates are presented in Figures 71 and 72. The green microstructure
presented in Figure 71a was obtained from a green aggregate that had been frozen with
liquid nitrogen and fractured in compression. Fine particle sizes and topography made it
difficult to collect EDS spectra from the fracture surface, but bright white particles,
which would later be identified as hematite, are observed to be dispersed throughout the
green microstructure.

Interruption of sintering at 1100°C revealed the unique

microstructure that is presented in Figure 71b. From this figure, large, light gray, tabular
grains, which were found to be aluminum-rich by EDS, were identified as corundum by
XRD. The grains are surrounded by a dark, silicon-rich matrix, consistent with the
presence of a glass phase, and white hematite grains are dispersed throughout. Upon
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sintering to 1200°C (see Figure 71c), the microstructure becomes similar to those
typically observed in air sintered bauxite aggregates and consists of light alumina grains
surrounded by a slightly darker, mullite matrix.

The mullite phase becomes more

contiguous in Figures 72a and 72b, which present the microstructure before and after a
30min. soak time at 1450°C. In addition to a more continuous matrix, Figures 72a and
72b reveal white-to-light gray phases that were determined to be iron and titanium-rich
by EDS and have been identified as pseudobrookite by XRD in the paragenesis chart
(Figure 70).
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Studying the reaction sequence of High Fe2O3 doped bauxite derived aggregates sintered
in air has not revealed any significant changes in crystalline phase assemblage below
1200°C.

This is supported by microstructural analysis, which indicates that

microstructures become much more homogeneous as they react at 1200°C and above. As
will be seen in the following section, reducing atmospheres significantly influence the
reaction sequence and, subsequently, the distribution of iron within the microstructure.
This will, in turn, influence development of an encapsulating shell during subsequent
reoxidation of the reduced aggregate.
5.4.2 Reaction Sequence Under Reducing Conditions
Thermal analysis of High Fe2O3 doped bauxite sintered under reducing atmospheres is
presented in Figures 73 and 74 at two different heating rates, 8°C/min and 16°C/min.
Thermogravimetric analysis in Figure 73 reveals similar weight loss behavior in the raw
bauxite powders at both heating rates, including accelerated weight loss at 150°, 850°,
and 1200°C. During heating, a total weight loss of ≈ 11wt% was observed, which is
comparable to the air fired condition. Although not shown in Figure 73, another 0.3%
was lost during the isothermal hold at 1450°C, which was followed by an additional
0.1wt% loss upon cooling.
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Traces of the DTA performed on raw High Fe2O3 doped bauxite powders under reducing
conditions are presented in Figure 74. The behavior of the curves varied greatly between
the two different heating rates, which suggests that heating rate influences crystallization.
Since it more closely approximates commercial manufacturing conditions, the 16°C/min
curve was employed in the design of subsequent isothermal studies. Exothermal peaks of
interest were identified at 990°, 1170°, and 1250°C and subsequently related to the
crystallization of corundum, mullite, and ilmenite (FeTiO3;ICDD# 29-0733).
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16°C/min

8°C/min

Figure 73. TGA curves for iron-doped bauxite fired under reducing conditions at 8° and 16°C/min

Ilmenite
Mullite
Corundum
8°C/min

16°C/min

Figure 74. DTA curves for iron-doped bauxite fired under reducing conditions at 8° and 16°C/min

165

The paragenesis chart presented in Figure 75 summarizes the crystalline phase evolution
of High Fe2O3 bauxite fired under a reducing atmosphere. As before, quartz, hematite,
rutile, anatase, and corundum were all present in the starting material.
425°

700°

950°

1100°

1250°

1380°

1450°

Quartz
Hematite
Rutile
Anatase
Corundum
Mullite
Magnetite
Hercynite
Pseudobrookite
Ilmenite
Iron
Figure 75. Paragenesis chart for High Fe2O3 doped bauxite sintered under reducing conditions.
Solid lines indicate the phase is present, dots indicate the first, or last, observation of the
phase, and dotted lines indicate that phase constituents are in solution.

Interrupted sintering studies revealed that quartz reacts above 425°C, possibly to form an
amorphous grain boundary phase.

Hematite also reacts above 425°C, and forms

magnetite (Fe3O4;ICDD# 19-0629) at 700°C. Magnetite then reacts with alumina to form
hercynite (FeAl2O4;ICDD# 34-0192) as temperatures are increased above 950°C.
Hercynite formation is significant because it is a precursor of the liquid phase that is
intended to enhance low temperature densification, which was a motivating hypothesis
for sintering Fe2O3 doped bauxite derived aggregates under reducing conditions. The
behavior of the DTA traces below 900°C was difficult to discriminate and is attributed to
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reduction of hematite to magnetite coupled with the reaction of quartz and the formation
of hercynite. At 990°C, a small exotherm was observed and attributed to the reaction of a
transformational alumina to form corundum, which is described by equation 44.
990 C
γ − AlOOH ⎯⎯
⎯→ α − Al 2O3
o

(44)

α-Alumina

Boehmite

Another exotherm was noted at 1170°C, which corresponds to the formation of secondary
mullite as described by equation 45.

o

C
3 Al 2O3 + 2 SiO 2 ⎯1170
⎯⎯
→ 3 Al 2O3 ⋅ 2 SiO 2

Alumina + Silica

(45)

Mullite

At 1250°C, hercynite and a trace amount of pseudobrookite reacted, possibly entering
solid solution with the glass phase. Analysis of samples interrupted at 1380°C revealed
the presence of ilmenite, which indicates that the exotherm at 1250°C corresponds to iron
and titanium reacting in solution to form ilmenite as described by equation 46.

o

C
FeO + TiO 2 ⎯1250
⎯⎯
→ FeTiO 3

Wustite + Titania

(46)

Ilmenite

Metallic iron was not observed until the highest temperature studied, 1450°C. The final
phases that were present after sintering were corundum, which had been present
throughout sintering, mullite, pseudobrookite, and metallic iron.
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Micrographs of the High Fe2O3 samples subjected to interrupted sintering studies under
reducing conditions are presented in Figure 76 and 77. From Figure 76b, it can be seen
that the microstructure consists of loosely sintered particles at 1250°C that form a more
contiguous matrix at 1300°C (Figure 76c), which contains fewer, but larger pores. Upon
reaching 1380°C (Figure 77a), the microstructure becomes denser and exhibits a lighter
phase rich in iron and titanium surrounding darker, alumina rich phases. These alumina
rich phases have been identified as corundum and mullite while the lighter phase present
throughout the matrix is consistent with the presence of either the pseudobrookite or
ilmenite phase detected by XRD (see Figure 75). The presence of these phases indicates
that iron and titanium rich liquids have formed during sintering, which is consistent with
anticipated liquid phase formation from hercynite (see Figure 8) and the liquid phases
indicated by the phase diagrams of the FeO-TiO2 system in equilibrium with metallic iron
[7]. Reducing ferric iron (Fe3+) to ferrous iron (Fe2+) permits a broad range of liquid
phases to form with titanium, particularly above 1300°C. The final two micrographs,
Figures 77b and 77c, are from materials interrupted before and after a 30min hold at
1450°C. The prominent feature in these micrographs is the development of metallic iron
nodules at the surface of the aggregate, which will form an oxide layer during subsequent
reoxidation.
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Results of sintering studies conducted on High Fe2O3 doped bauxite sintered under
reducing atmospheres has revealed that crystalline phase evolution is significantly
influenced as the oxidation state of iron is reduced from Fe3+ to Fe2+ and finally to
metallic iron, Fe0. These changes in valence state, coupled with changes in temperature
during sintering, influence the solid solubility of iron in the surrounding aluminosilicate
microstructure as well as the formation of hercynite and stabilize the presence of several
ferrous iron containing phases, resulting in a more complex series of phase
transformations relative to the air fired samples. Analysis of microstructural evolution
reveals significant alteration due to iron’s changing valence state and suggests that iron
reacts with titanium to form a liquid phase during sintering, which enhances
densification. Enhanced densification due to liquid phase formation in Fe2O3 doped
bauxite sintered under reducing conditions was a motivating hypothesis for this study that
was based on the phase relationships described in the FeO-Al2O3-SiO2 system (see Figure
8) and corroborated by the presence of hercynite (see Figure 75). As sintering
temperatures are increased to 1450°C, metallic iron decorations are observed throughout
the microstructure and decorate the surface of the particle. Surface decorations are of
significant interest because these may react during subsequent reoxidation to form a
relatively dense shell compared to the porous core.

5.4.3 Reaction Sequence Under Reoxidation
Results of thermal analyses performed on powdered High Fe2O3 doped bauxite samples
sintered under reducing conditions to 1450°C, then subjected to reoxidation at 8°C/min
and 16°C/min, are presented in Figure 78 and 79. Thermogravimetric analysis presented
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in Figure 78 reveals similar weight changes at both heating rates and is consistent with
initial weight gain (≈2.5wt%) due to oxidation followed by weight loss (≈0.3wt%)
resulting from the dissociation of hematite. In fact, the weight change behavior presented
in Figure 78 can be divided into three separate stages. During the stage 1 (< 750°C),
weight gain is very rapid, but decreases during stage 2, between 750° and 1200°C. This
is consistent with a change in the reaction mechanisms controlling the oxidation of
metallic iron. Stage 3 (> 1200°C) is characterized by the weight change leveling off
before finally decreasing rapidly above 1380°C. Stages 1-3 are consistent with changing
mechanisms in the development of an oxide layer that becomes unstable as temperature is
increased above its dissociation temperature (1380°C).

Results of DTA performed on High Fe2O3 doped bauxite subjected to reoxidation at 8°
and 16°C/min are presented in Figure 79. Although the disparity between the DTA traces
of the two different heating rates is less than that observed during the reducing study, the
two curves are still differ from one another. The 8°C/min curve exhibits a very broad
exothermic peak between 750° and 1200°C while the 16°C/min curve exhibits a smaller
exothermic peak just below 1200°C. Since 16°C/min was closer to the heating rate used
during the original study, it was used to design the interrupted sintering studies.
Additional temperatures of interest were selected at 600° and 700° to determine if
crystalline phase assemblages or microstructure were significantly changed during the
inflections detected in the DTA and TGA traces at those temperatures, respectively.
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8°C/min

16°C/min

Stage 1

Stage 2

Stage 3

Figure 78. TGA results for High Fe2O3 doped bauxite heated to 1450°C under reoxidizing conditions

8°C/min

16°C/min

Figure 79. DTA results for High Fe2O3 doped bauxite heated to 1450°C under reoxidizing conditions
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A paragenesis chart describing the crystalline phase evolution of High Fe2O3 doped
bauxite during the reoxidation is presented in Figure 80 and a description of possible
oxidation reaction mechanisms of iron are presented in equations 47-49.

Figure 80. Paragenesis chart for High Fe2O3 doped bauxite sintered under reoxidizing conditions.
Solid lines indicate the phase is present and dots indicate the first, or last, observation of
the phase.

< 750 o C
Fe + 1 O 2 ⎯⎯
⎯→ FeO
2

Iron + Oxygen

Wustite

> 750 o C
3FeO + 1 O 2 ⎯⎯
⎯→ Fe 3O 4
2

Wustite + Oxygen

(48)

Magnetite

> 750 o C
2 Fe 3O 4 + 1 O 2 ⎯⎯
⎯→ 3Fe 2O3
2

Magnetite + Oxygen

(47)

(49)

Hematite

From Figure 80, it can be seen that corundum, mullite, and pseudobrookite are present
throughout the reoxidizing sintering cycle. However, hematite appears at 750°C, which
corresponds to the inflection in the TGA and DTA results as well as the beginning of
stage 2 reoxidation, and increases in intensity with increasing temperature. The intensity
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of iron reflections decrease above 600°C and are last observed at 1000°C, indicating that
metallic iron has been completely oxidized.

The only iron oxide indicated by the XRD results in Figure 84 was hematite, indicating
that the oxidation reaction presented in equation 49 is operative. Although hematite
forms during high temperature oxidation of iron, the typical oxide formation sequence is
wustite followed by magnetite and finally hematite.

The absence of wustite and

magnetite suggest that if these phases are forming, their quantities are either too small to
be determined by XRD or are entering solid solution with the glass phase or a
pseudobrookite phase. Hematite formation differs from wustite and magnetite formation
because it is controlled by oxygen diffusion through the oxide lattice as opposed to iron
diffusion. This difference in oxidation mechanism is consistent with the reduced rate of
weight gain observed during stage 2 reoxidation of High Fe2O3 doped bauxite.
Micrographs of samples interrupted during reoxidation, which are discussed next,
indicate that the iron surface decorations wet the surface as sintering temperatures
increase and eventually form a pseudobrookite ring around the exterior of the aggregate.
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The microstructural evolution of High Fe2O3 doped bauxite during reoxidation is
presented in Figures 81 and 82. In the reduced state (see Figure 81a), metallic iron
decorations are dispersed over the surface of the aggregate. Upon heating to 750°C (see
Figure 81b), the iron phases appear to oxidize, as indicated by TGA and XRD, and reacts
with the surrounding crystalline phases. As the temperature is increased to 1000°C (see
Figure 81c), and eventually 1200°C (see Figure 82a), the once prominent metallic iron
surface decorations become oxidized and wet the surface of the aggregate. In addition to
the development of an iron oxide (i.e. hematite) coating, a notable amount of porosity
appears in the cores of samples interrupted at 1200°C.

Core porosity appears to be

enhanced in the final two sets of micrographs, which present the microstructure before
(Figure 82b) and after (Figure 82c) a 30min hold at 1450°C. Pore development is
indicative of the hematite dissociation reaction, which occurs above 1380°C. This is a
reversible, high temperature phase transformation and explains the microstructural
differences between Figures 82b and 82c.

It is clear from the BSE images that a

chemical gradient has developed from the surface to the center of the aggregate cross
section. The lighter, iron and titanium-rich phase has been identified as a pseudobrookite
and appears close the surface in Figure 82b when quenched from above the hematite
dissociation temperature.

Allowing the sample to cool to room temperature with the

furnace permits oxidation of the iron and titanium rich phase, which subsequently enters
solid solution with the parent aluminosilicate.

As this oxidation and solid solution

sequence occurs, the pseudobrookite phase migrates inward to the core of the aggregate
and leaves behind a fine, vermicular network of porosity in Figure 82c.

176

177

178

Clearly the results of reoxidation studies of High Fe2O3 doped bauxite indicate several
distinct regimes during reoxidation. During stage 1 of reoxidation (<750°C), the metallic
iron surface decorations become oxidized and begin to wet the surface of the aggregate.
Further high temperature exposure under oxidizing conditions leads to stage 2
reoxidation (between 750°C and 1200°C), which is characterized by a decline in the rate
of weight gain observed in TGA results. This is corroborated by the formation of a
hematite coating on the surface of the aggregate and suggests that the controlling
oxidation mechanism is changing from iron to oxygen diffusion. Finally, during stage 3
reoxidation, the High Fe2O3 doped bauxite derived aggregates exhibit significant pore
formation and weight loss, which is consistent with oxygen evolution from the
dissociation of hematite.

Throughout reoxidation a number of processes occur

simultaneously including reactions between the oxide layer and the parent aluminosilicate
to form a densified shell as well as hematite dissociation, which leads to interior pore
development. Competition between these mechanisms is evident during the intermediate
stage of oxidation and presents a challenging study. Nevertheless, kinetic analyses of the
three stages of oxidation are expected to elucidate the controlling mechanisms and
possibly provide a measure of control over the core-shell microstructure, which may
permit fabrication of aggregates with tailored porosity and, possibly, enhanced specific
strength.
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5.4.4 Kinetics of Core Shell Development
Studying the reoxidation of High Fe2O3 doped bauxite derived aggregates revealed three
distinct oxidation regimes that contribute to the development of a core shell
microstructure. Determining the kinetics of these reaction mechanisms should provide
microstructural control and facilitate fabrication of aggregates with tailored porosity. The
kinetics of each stage observed during the reoxidation of High Fe2O3 doped bauxite will
be examined in this section and the results are expected to provide a measure of control
over the subsequent core shell microstructure.

During the initial reoxidation stage, aggregates exhibited rapid weight gain. This is
characteristic of the oxidation of metallic iron to form iron oxide:

o

C
Fe + O ⎯600
⎯⎯
→ FeO

(50)

To confirm this hypothesis, isothermal studies were conducted at four temperatures
within the stage 1 of reoxidation (575°, 600°, 625°, and 650°C). A typical isothermal
plot of weight % vs. time is presented in Figure 83. From this figure, it can be seen that
the weight change behavior is parabolic, which is characteristic of iron oxidation [51].
Analysis of data collected from isothermal TGA curves revealed that a shrinking core
model was the most appropriate to fit the data (see Appendix D) [53]. A shrinking core
model was also used to fit isothermal studies of High Fe2O3 doped kaolinite during the
initial stages of reoxidation and was described by equation 38:
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(1 − (1 − α ) ) = kt
1

3

(38)

2
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Figure 83. Isothermal TGA trace at from stage 1 reoxidation at 600°C in High Fe2O3 doped bauxite.

The reaction rates were determined from isothermal studies conducted at 575°, 600°,
625°, and 650°C and plotted against as the natural log versus the inverse of temperature
in °K to obtain the Arrhenius plot presented in Figure 84, which is described by equation
39:

ln k = ln A −

E⎛1⎞
⎜ ⎟
R ⎝T ⎠

(39)

Equation 39 relates the reaction rate, k (%/min) to the frequency function, A (%/min),
which is the y-intercept, and the activation energy, E (kJ/mol), which is the slope divided
by the gas constant, R (8.3144kJ/mol⋅°K), as a function of temperature, T (°K).
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0
y = -13397x + 9.3168
2

R = 0.8973

-1

ln k
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-7
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1/T

1/873°K
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Figure 84. Arrhenius plot constructed from isothermal studies of High Fe2O3 doped bauxite at 575°,
600°, 625°, and 650°C (i.e. 848°, 873°, 898°, and 923°K, respectively). Slope indicates an
activation energy of 111kJ/mol with a 95% confidence interval of ± 43kJ/mol.

The slope of the trend line in Figure 84, which was fitted using the least squares method
of regression, suggests an activation energy of 111kJ/mol but is accompanied by a 95%
confidence interval of ± 43kJ/mol.

Although 111kJ/mol is in agreement with the

activation energy required for Fe diffusion in FeO (126 kJ/mol) it is difficult to
statistically discriminate this as the controlling mechanism [52]. Nevertheless, this value
supports the hypothesized reaction for the initial stage (<750°C) of reoxidation in High
Fe2O3 doped bauxite.

Isothermal TGA studies were also executed during stage 2 (between 750° and 1200°C) of
reoxidation in the High Fe2O3 doped bauxite blends at 900°, 950°, 1000°, and 1050°C.
All isotherms revealed behavior similar to that presented in Figure 85, which indicates a
short, initial period of time in which no weight change occurs followed by an increase in
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weight. This behavior is consistent with the development of cracks in the oxide layer that
allow weight gain due to oxidation to resume after being briefly limited by the diffusion
of oxygen through the developing oxide layer [52, 59].
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Figure 85. Isothermal TGA trace from stage 2 reoxidation at 1000°C in High Fe2O3 doped bauxite.

Although the limited range of percent transformation during the initial weight gain made
it difficult to obtain satisfactory fits to kinetic models, the latter stage of weight gain was
linear with time. Rate constants were determined from these portions of the isothermal
TGA traces and used to construct the Arrhenius plot presented in Figure 86.
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Figure 86. Arrhenius plot constructed from isothermal studies of High Fe2O3 doped bauxite at 900°,
950°, 1000°, and 1050°C (i.e. 1173°, 1223°, 1273°, and 1323°K, respectively). Slope
indicates an activation energy of 122kJ/mol with a 95% confidence interval of ±
60kJ/mol.

The Arrhenius plot presented in Figure 86 suggests an activation energy of 122kJ/mol
with a 95% confidence interval of ± 60kJ/mol.

Although this activation energy is

comparable to the activation energy required for Fe diffusion in FeO, curvature in the
Arrhenius plot and interruption within the isothermal TGA traces indicate that multiple
reactions are occurring simultaneously [52]. Microstructural analysis, which will be
presented next, reveals crack formation in the oxide layer. As with the kinetic analyses
of High Fe2O3 doped kaolinite, observation of cracks indicates the development of
significant lattice strains and new surfaces, which confound kinetic analysis of gas-solid
reactions.

Although oxidation may proceed on crack surfaces as described in equation

50, other reactions may be proceeding concurrently and prevent the controlling
mechanism from being determined.

o

C
Fe + O ⎯1000
⎯⎯
→ FeO

(50)
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In addition to isothermal TGA studies conducted during stage 2 reoxidation of High
Fe2O3 doped bauxite, aliquots of reduced material were subjected to isothermal studies
and analyzed for microstructure and crystalline phase content.

Micrographs of

isothermally reoxidized samples conducted during stage 2, which is below the hematite
dissociation temperature, are presented in Figures 87-90 for comparison. From these
figures, it is clear that the nodular, metallic iron decorations begin to wet the aggregate as
oxidation proceeds. This occurs more rapidly with increasing temperature, as expected,
until a fine layer of hematite forms a coating over the aggregate surface.

Higher

magnification reveals the formation of radial cracks within the oxide layer and transverse
cracks running parallel to the oxide-aggregate interface.

Crack formation results from

stress development within the oxide layer and creates new surfaces for oxidation. Oxide
shell cracking supports the resumed weight gain observed during TGA studies executed
during stage 2 reoxidation, which is described by the reaction given in equation 50. In
addition, the contrast in the BSE micrographs reveal that the oxide layer is reacting with
the aggregate, as evident by the development of an iron-rich ring within the surface of the
aggregate and the presence of mullite needles within the oxide layer. The iron-rich ring
indicates that oxidized iron at the surface of the aggregate is reacting and diffusing
inward.

Although microstructural analysis revealed that the iron-rich ring diffused

inward, ≈70μm from the surface, attempts to quantify the growth kinetics of this reaction
layer based on microstructural observations were unsuccessful. Diffusion depths of the
isothermally treated samples were measured, but did not reveal significant trends.
Quantifying the growth kinetics of reaction layers is difficult due to the dependence of
reaction rate and the structure of the reaction product. Large volume changes, such as
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those that occur during the oxidation of iron, cause the reaction product to become
incoherent and result in the cracks and fissures present in Figures 89 and 90. These
create opportunities for surface and boundary diffusion, which differ significantly from
single or polycrystalline diffusion coefficients [13]. Results of EPMA are presented in
Figure 91 and reveal the distribution of aluminum, silicon, iron, and titanium within the
reoxidized, bauxite derived aggregates held isothermally at 1200°C for 4 and 64min.
Aluminum and silicon are distributed along the upper portion of the 4min sample and
along the outer edge of the 64min sample. Segregation of alumina and silica is consistent
with the mullite matrix, which is present in all the bauxite derived blends studied. In
addition to the mullite matrix, rounded areas rich in aluminum and pore in silica are also
observed in these micrographs, which are consistent with the corundum grains that were
present in all of the bauxite blends studied.

EPMA analysis in Figure 91 also indicates

segregation of iron to the exterior of the aggregate, consistent with the development of an
iron oxide layer.

Iron and titanium exhibit preferential segregation throughout the

microstructure, which corresponds to the iron and titanium bearing phases identified by
XRD.
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The crystalline phase contents of the isothermally treated, High Fe2O3 doped bauxite
samples are summarized in Table 27. At all sintering temperatures and isothermal hold
times, the corundum (Al2O3) content is greater than the mullite (Al6Si2O13) content.
Hercynite (FeAl2O4) was detected in the 4min isothermal sample only, suggesting that it
oxidizes and enters solid solution as the length of time is increased at 1000°C. Iron (Fe)
is detected at 1000°C, but decreases with increasing time before being fully oxidized at
64 min. A subtle increase in hematite (Fe2O3) indicates that iron is oxidizing from Fe0 to
Fe3+ during the isothermal hold at 1000°C, as expected. Isothermal XRD results at
1100°C indicate that the majority of iron has oxidized to form hematite within the 4min
sample. Only a trace amount of hercynite was detected in this sample, and both iron and
hercynite react as the isothermal hold is increased beyond 4min at 1100°C. Neither iron
nor hercynite are detected in the 1200°C samples, suggesting the constituents of these
phases have oxidized and entered solid solution, respectively. As the sample is held for
16min at 1100°C, iron and titanium react and form a significant amount of ulvospinel
(Fe2TiO4). As the length of the isothermal hold time was increased, the ulvospinel phase
was consumed by the formation of a pseudobrookite (Fe2TiO5 and FeTi2O5) and fayalite
(Fe2SiO4).

From the evolution of phases presented in Table 27, it is clear that a

significant amount of Fe2+, Fe3+, Ti, and Si exist in solid solution with a glassy phase. As
the temperature is increased, the ionic mobility is increased, which permits the crystalline
phase assemblage to approach equilibrium. Oxidation of iron during stage 2 reoxidation
leads to the development of phases with larger molar volumes and significant residual
stresses within the aggregate. These stresses result in cracking and cavitation, as evident
in the cracks and porosity along the oxide-aggregate interface observed in Figure 90.
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Table 27. Crystalline phase assemblages of High Fe2O3 doped bauxite samples treated isothermally
below the hematite dissociation temperature (1380°C). All values are given in wt% and
associated with a precision of # 5wt%. Blanks indicate that the phase was not detected
under the experimental conditions.
1000° C
Mullite
Corundum
Hematite
Iron
Hercynite

4 min
43
49
5
2
2

16 min
44
50
5
1

36 min
43
49
6
1

64 min
42
49
9

1100° C
Mullite
Corundum
Hematite
Iron
Hercynite

42
49
9
1
tr

43
53
5

41
56
5

42
52
7

44
52
5

38
44
5
13

36
52
6

38
51
5

2
4

2
4

44
46
3
5
2

39
48
3
2
8

1200° C
Mullite
Corundum
Hematite
Ulvospinel
Pseudobrookite
Fayalite
1300° C
Mullite
Corundum
Hematite
Pseudobrooktie
Fayalite

39
54
2
4
2

33
51
2
4
11

The mullite, corundum, and hematite quantities remain within the precision of the
technique during these longer isothermal holds, suggesting that they do not participate
further in the reactions that occur between Fe, Ti, and Si in solution. As the temperature
is increased to 1300°C, only pseudobrookite and fayalite persist with mullite, corundum,
and hematite in the crystalline phase assemblage. With exception to enhanced fayalite
content at 16min and 64min at the expense of mullite, the relative quantities of the phase
assemblage remain relatively constant (within the precision of the analytical technique)
throughout the isothermal holds at 1300°C.
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The results of crystalline phase analysis presented in Table 27 revealed the expected
trend of increasing oxidation of iron with increasing temperature and time. However,
further analysis of this trend did not reveal any statistically significant quantitative data
regarding the kinetics of oxidation. Ratios of Fe3+/Fe0 were only detected at 1000°C and
within the 4 min sample at 1100°C. Ratios of Fe3+/Fe2+ did not indicate any strong trends
and were confounded by the presence of pseudobrookite, which exhibits complete solid
solubility with the iron titanium oxide, (FeTi2O5).

Although comparison between

diffractograms did not reveal the expected shift in diffraction peaks expected between
pseudobrookite and iron titanium oxide, it is likely that the pseudobrookite detected
contains both Fe3+ and Fe2+.

Stage 3 reoxidation of High Fe2O3 doped bauxite is characterized by weight loss, which
is attributed to the dissociation of hematite. This reaction was presented in equation 10
and is reproduced below for convenience.

o
C
⎯⎯
→ 2 Fe3O4 + 1 O2
3Fe2O3 ⎯1380
2

(10)

Isothermal TGA studies were conducted at 1400°, 1415°, 1430°, and 1450°C and
exhibited weight loss behaviors similar to that presented in Figure 92. Isothermal results
were analyzed using the first order kinetic model described by equation 51.

− ln(1 − α ) = kt

(51)
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Slopes of the isothermal plots were used to construct the Arrhenius plot in Figure 93.
The slope of this plot indicates that the activation energy of associated with weight loss
due to hematite dissociation is 38kJ/mol and the 95% confidence interval is ± 5kJ/mol.
Although this is considerably less that the activation energy associated with this reaction
in kaolinite, 357 ± 50kJ/mol, the low value may be the result of more rapid oxygen egress
through the transient, iron-rich liquid phases and the cracks formed in the aggregate and
oxide surfaces of High Fe2O3 doped bauxite.

This observation is supported by

microstructural analysis of samples treated isothermally above the hematite dissociation
temperature.
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Figure 92. Isothermal TGA trace at from stage 2 reoxidation at 1400°C in High Fe2O3 doped bauxite
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Figure 93. Arrhenius plot constructed from isothermal studies of High Fe2O3 doped bauxite at
1400°, 1415°, 1430°, and 1445°C.(i.e. 1673°, 1688°, 1703°, and 1718°K, respectively).
Slope indicates an activation energy of 38kJ/mol with a 95% confidence interval of ±
5kJ/mol.

Microstructural analyses of High Fe2O3 doped bauxite derived aggregates treated
isothermally above the hematite dissociation temperature during reoxidation are
presented in Figures 94-97. From these Figures, an increase in core porosity is observed
as samples are held for extended times, particularly at 1500° and 1550°C. It is apparent,
at all magnifications, that the hematite layer noted during isothermal studies below the
dissociation temperature is no longer present. From the BSE images, it can be seen that
the layer has reacted with the aggregate and iron-rich phases like pseudobrookite form
near the surface of the aggregates. Cracks and porosity located at the edge of the
aggregate are consistent with dissociation of hematite at the aggregate surface and
corroborates the low activation energy for weight loss due to hematite dissociation
indicated by TGA. Dissociation of hematite at the interface results in a “ring” of Fe2+
enrichment inside the surface of the aggregate microstructure at 1400° and 1450°C. As
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the temperature increases, the Fe2+ enriched zones diffuse within the glassy phase
surrounding mullite and corundum grains and the ring becomes less prominent.
Micrographs collected at higher magnification support this by revealing iron-rich phases
between mullite grains.

The microstructural evolution of the hematite shell and

migration of pseudobrookite to the center of the aggregate is difficult to quantify due to
the cracks and fissure that resulted from the changing volumes of reacting phases [13].
As a result, the migration of pseudobrookite to the center of the aggregate in samples
treated above the dissociation temperature was difficult to discern. Figure 94 indicated
that the iron-rich, pseudobrookite ring is present within the first 70μm of surface in
aggregates fired at 1400°C or 1450°C.

This phase was more evenly distributed in

aggregates fired at 1500°C and 1550°C, possibly due to enhanced diffusion in the glass
phase.
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As with the samples treated isothermally below the hematite dissociation temperature,
XRD was performed to quantify crystalline phase assemblages and determine the kinetics
of the dissociation reaction by determining the Fe3+/Fe2+ ratio.

The results of the

crystalline phase analysis are presented in Table 28 and indicate that only mullite,
corundum, hematite, and pseudobrookite are present. Although pseudobrookite may
contain some Fe2+ in solid solution, the results presented in Table 28 did not provide any
statistically significant trends that can quantify hematite dissociation kinetics.
Table 28. Crystalline phase analysis for isothermally treated, High Fe2O3 doped bauxite reoxidized
above the hematite dissociation temperature. Quantities are presented in wt% and
associated with a precision of # 5wt%. Blanks indicate that the phase was not detected
under the experimental conditions.
Temperature (°C)
1450

Time (min)
4
16
36
64

Mullite
57
51
59
52

Corundum Hematite
41
1
46
1
37
1
48

Pseudobrookite
2
2
3
1

1500

4
16
36
64

46
52
47
38

51
46
50
58

2
1
1
1

2
1
3
4

1500

4
16
36
64

49
52
47
33

49
44
50
66

1
2
1

1
2
3
1

The crystalline phase assemblages determined in Table 28 were used to calculate the
theoretical densities of the samples, which were then compared to true densities obtained
by helium pycnometry.

Relative density, which was obtained by dividing apparent

density by true density, was subtracted from 100% to determine the percent porosity
within the aggregates. These values were compared to void content analysis performed
by automated lineal analysis. Results of these measurements are presented in Table 29
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and indicate reasonable agreement between the calculated and true densities. Although
majority of calculated densities are within 0.1g/cc of the measured value of true density,
the true densities of the materials are typically lower than the calculated density. This
suggests that grinding may not have removed all of the closed porosity within the
material. Nevertheless, apparent density measurements reveal a decreasing trend with
increased temperature and isothermal hold times, as expected, and permit calculation of
the % porosity within the aggregates. Comparison between % porosity and the void
content determined by lineal analysis reveals reasonable agreement below 1550°C.
However, as the temperature is increased to 1550°C, apparent densities do not exhibit a
strong decreasing trend, which suggests that the pore structure has opened and skewed
the helium pycnometry measurement.
Table 29.

Calculated, true, and apparent density measurements of isothermally treated bauxite
samples reoxidized above dissociation temperature and presented alongside calculated
porosity and measured void content. The 95% confidence interval of the true and
apparent densities is ± 0.04g/cc based on five measurements. The error of the porosity
and void content analyses is ± 2% and ± 1%, respectively.
Time (min)

1450°C

1500°C

1550°C

4
16
36
64
4
16
36
64
4
16
36
64

Calculated
(g/cc)
3.55
3.60
3.54
3.60
3.66
3.59
3.66
3.71
3.61
3.61
3.66
3.73

True
(g/cc)
3.53
3.53
3.55
3.52
3.54
3.54
3.52
3.54
3.55
3.55
3.54
3.57

Apparent
(g/cc)
3.33
3.27
3.31
3.24
3.28
3.27
3.19
3.16
3.18
3.20
3.14
3.23

Porosity (%)

Void Content (%)

6
7
7
8
7
8
10
11
10
10
11
10

8
7
7
11
7
10
14
18
7
12
18
25

Results of the void content analysis were used to construct the Arrhenius plot presented
in Figure 98. Based on this figure, an activation energy of 526kJ/mol with a 95%
confidence interval of ± 53kJ/mol is associated with void content development due to the
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dissociation of hematite in High Fe2O3 doped bauxite derived aggregates. This activation
energy is greater than that determined for kaolinite (526kJ/mol vs. 13kJ/mol), indicating a
greater barrier to pore development in bauxite than kaolinite. This is may be attributed to
the greater ease of oxygen egress in bauxite versus kaolinite materials (38 vs. 357kJ/mol)
indicated by TGA.

With less pressure due to entrapped oxygen, the activation energy

associated with void development in High Fe2O3 doped bauxite aggregates is larger and
closer to the activation energy required for creep in high alumina fireclays, which is
expected to be similar to the creep in bauxite (≈560kJ/mol).
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Figure 98. Arrhenius plot of void content evolution at 1400°, 1415°, 1430°C, and 1445°C (i.e. 1673°,
1688°, 1703°, and 1718°K, respectively) in High Fe2O3 doped bauxite. Slope indicates an
activation energy of 526kJ/mol with a 95% confidence interval of ± 53kJ/mol.
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In summary, results of kinetics studies from the three stages of reoxidation in High Fe2O3
doped bauxite indicate reactions that are consistent with the oxidation, and subsequent
dissociation, of hematite. Stage 1 was interrogated by TGA and determined to exhibit
rapid weight gain comparable with the oxidation of iron as described in equation 50.
o

C
Fe + O ⎯600
⎯⎯
→ FeO

(50)

Stage 2 reoxidation studies performed by TGA revealed a reduced rate of weight gain
relative to stage 1, which was attributed to diffusion control of oxygen through the
forming oxide layer and subsequent reaction with the aggregate. Stresses developed due
to the larger molar volume of the forming oxide phase resulted in crack formation and
created new surfaces that allowed weight gain to resume as described by equation 50.
Oxidation of iron to form a hematite layer on the aggregate surface and the subsequent
development of cracks was verified by XRD and microstructural analyses, respectively.
The presence of cracks prevented statistically significant discrimination of the dominant
mechanism from Arrhenius plots based isothermal TGA studies. However the trends
revealed stage 1 and stage 2 reoxidation were consistent with the hypothesized reaction
sequence and indicated activation energies comparable to the reaction presented in
equation 50.

Finally, stage 3 of reoxidation in High Fe2O3 doped bauxite is characterized by weight
loss due to hematite dissociation, which is described by equation 10.
o
C
3Fe2O3 ⎯1380
⎯⎯
→ 2 Fe3O4 + 1 O2
2

(10)

Isothermal TGA studies indicated a low activation energy for weight loss associated with
hematite dissociation (38kJ/mol), which suggests that oxygen egress occurs readily
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through the cracked surfaces resulting from the hematite coating developed during stage
2. Egress of oxygen from the matrix limits the pressure available to form voids, which
may be reflected by the higher activation energy associated void formation (526kJ/mol).
Nevertheless, the pore development generated during stage 3 reoxidation leads to
densities that are lower than commercially equivalent kaolinite derived blends intended
for proppant applications (3.3 vs. 3.8g/cc). Strength tests were performed on High Fe2O3
doped kaolinite aggregates isothermally reoxidized during stage 3 to determine if the
aggregates exhibited enhanced specific strengths due to the pore generation. Results of
these strength tests are presented in Table 30.

Table 30. Strengths of High Fe2O3 doped bauxite samples treated isothermally above and below the
hematite dissociation temperature. Characteristic strengths are given in MPa, specific
strength are given in MPa/(g/cc), and ± values indicate 90% confidence interval based on
40 independent tests.
Time
(min)
0
4
64
4
64
4
64
4

Temperature Characteristic Specific Strength
(°C)
Strength (MPa)
(MPa/(g/cc))
Reduced
300 ± 30
88 ± 9
128 ±32
38 ± 9
1100
100 ±24
30 ± 7
1100
67 ±13
20 ± 4
1300
63 ±8
19 ± 2
1300
172 ±27
53 ± 8
1400
155 ±24
47 ± 7
1400
110 ±22
34 ± 7
1550

Based on the results presented in Table 30, it appears that the strengths of the
isothermally treated, reoxidized High Fe2O3 doped bauxite aggregates drop precipitously
below the hematite dissociation temperature. This may be attributed to residual stresses
within the material that develop during oxidation resulting in cracking in the hematite
layer. There is a sharp improvement in strength just above the hematite dissociation
temperature at 1400°C due to reaction of hematite layer with the surrounding
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microstructure to form an iron and titanium rich liquid phase that heals the cracks
developed below the dissociation temperature and alleviates residual stresses. As a
result, the characteristic strengths of the reoxidized High Fe2O3 doped bauxite aggregates
become comparable to the lower end of commercially equivalent proppants (172 ±
27MPa vs. 200MPa). However, the reduction in density from 3.8g/cc to 3.3g/cc was not
enough to result in a significant increase in specific strength (53 vs. 60 MPa/(g/cc)). As
with the kaolinite derived aggregates, it does not appear that the core-shell microstructure
can be manipulated within the High Fe2O3 doped bauxite derived aggregates to enhance
specific strength.

In fact, the specific strengths of reduced aggregates were actually

greater than either air-fired or reoxidized High Fe2O3 doped bauxite aggregates, which
indicates reducing atmospheres are favorable with regard to enhanced characteristic and
specific strengths. Nevertheless, reasonable strengths were obtained when the aggregates
were sintered above the hematite dissociation temperature, which may qualify it for other
applications that may utilize aggregates with porous cores, such as casting sands.
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6.0 Conclusions
Results of this research have revealed a wealth of information regarding the effects K2O
and Fe2O3 on crystallization and densification in kaolinite and bauxite derived
aggregates. Salient features of the doping studies include:

•

K2O fluxed the silica content in kaolinite and bauxite derived aggregates,
which improved characteristic and specific strength in air fired samples
relative to undoped aggregates by enhancing mullitization in kaolinite derived
aggregates and densification in bauxite derived aggregates. As a result, K2O
additions present a potential route for simultaneous improvement in the
strength and process economy of kaolinite and bauxite derived aggregates
intended for proppant applications.

•

Fe2O3 additions form a transient liquid phase that enhances mullitization in
kaolinite derived aggregates and densification in bauxite derived aggregates.
Although no advantage was found in doping kaolinite with Fe2O3 with respect
to the strength of an undoped blend, the enhanced low temperature
densification observed in bauxite derived aggregates facilitated characteristic
and specific strength enhancement at sintering temperatures ≈100°C lower
than those employed during commercial manufacture of proppants. Clearly,
Fe2O3 additions present a significant opportunity to improve process economy
of bauxite derived aggregates.
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•

De-sintering due to Fe2O3 dissociation resulted in pore evolution and strength
degradation in Fe2O3 doped kaolinite sintered above 1450°C and in Fe2O3
doped bauxite sintered above 1500°C.

Due to the success of Fe2O3 in enhancing low temperature densification and strength in
bauxite via transient liquid phase sintering, controlled atmosphere studies were executed
with Fe2O3 doped kaolinite and bauxite aggregates to determine if manipulating iron’s
valence from Fe3+ to Fe2+ would enhance densification at even lower sintering
temperatures by utilizing the low temperature eutectic (1150°C) described by the FeOAl2O3-SiO2 phase diagram. Salient features of the controlled atmosphere studies include:

•

Fe2O3 doped kaolinite and bauxite derived aggregates sintered under
sufficiently reducing conditions form metallic iron phases that decorate the
surface of the aggregates, which may have potential application as catalysts or
filtration media.

•

Subsequent reoxidation of reduced aggregates results in the formation of an
iron oxide shell on the particle. This layer develops significant stresses as it
forms resulting in cracks in the oxide layer and outer edges of the aggregate,
thereby causing strength degradation relative to air-fired and reduced
aggregates.

209

•

Reoxidation occurs in Fe2O3 doped kaolinite and bauxite derived aggregates
in three distinct stages. During stage 1 (< 750°C), the metallic decorations
resulting from the previous reducing treatment oxidize and wet the surface of
the aggregates. Stage 2 reoxidation occurs between 750°C and 1200°C and is
characterized by competition between continued iron oxidation and reactions
between the forming oxide shell and parent aluminosilicate. Finally, during
stage 3 of reoxidation (>1200°C), hematite dissociation dominates above
1380°C and evolution of core porosity in both kaolinite and bauxite leads to
the development of a unique, core-shell microstructure that exhibits a
relatively dense shell in comparison to a porous core.

•

Kinetic studies of the core-shell evolution in Fe2O3 doped kaolinite and
bauxite aggregates revealed pore evolution significantly degraded strength
before improvement in specific strengths relative to air or reduced-fired
samples could be realized. Nevertheless, manipulating the reactions associated
with core-shell development produced extremely porous beads with moderate
strengths that may be ideal for applications other than proppants, such as
casting sands.
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Appendix A:
ICDD Cards for Phases Detected During XRD Studies
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Phase
Kaolinite
Quartz
Anatase
Rutile
Mullite
Cristobalite
Hematite
Pseudobrookite
Corundum
Tieilite
Ulvospinel
Magnetite
Hercynite
Iron
Ilmenite
Iron Titanium Oxide
Maghemite
Fayalite

Formula
Al2Si2O5(OH)4
SiO2
TiO2
TiO2
Al6Si2O13
SiO2
Fe2O3
Fe2TiO5
Al2O3
Al2TiO5
Fe2TiO4
Fe3O4
FeAl2O4
Fe
FeTiO3
FeTi2O5
Fe2O3
Fe2SiO4

ICDD #
14-0164
46-1045
21-1272
21-1276
15-0776
39-1425
33-0664
41-1432
46-1212
41-0258
34-0177
19-0629
34-0192
6-0696
29-0733
1-076-2372
39-1346
34-0178

217

Kaolinite

218

Quartz

219

Anatase

220

Rutile

221

Mullite

222

Cristobalite

223

Hematite

224

Pseudobrookite

225

Corundum

226

Tieilite

227

Ulvospinel

228

Magnetite

229

Hercynite

230

Iron

231

Ilmenite

232

Iron Titanium Oxide

233

Maghemite

234

Fayalite
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Appendix B:
Description and Illustration of High Temperature Tube Furnace Setup with
Controlled Atmosphere Quench Assembly
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Controlled atmosphere studies were conducted in a high temperature tube furnace1 heated
by molydisilicide elements and outfitted with a high purity (99.8wt%) alumina tube2.
Mild steel end caps were fastened to either end of the alumina tube by threaded bolts
running through notches in the end cap. End caps were tightened by threading wing nuts
onto the bolts, which were anchored to the tube by brackets held by a hose clamp around
the tube. A Viton gasket covered with vacuum grease was placed between the alumina
tube and the end cap to ensure an air-tight seal. Copper tubing was soldered into a track
milled into the end cap for water cooling, which prevented the Viton gasket from thermal
degradation during sintering experiments.

Reinforced tubing was connected to the

copper tubing to supply and return water from the end caps. Reactive gases flowed in
and out of the tube through plastic tubing connected to the hose barbs on each end cap.
Gas entering the alumina tube from the cylinder’s regulator was controlled by a
calibrated mass flow controller. Gas exiting the alumina tube was bubbled through a
flask partially filled with dibutyl phthalate to pressurize the tube and prevent back
diffusion of oxygen. Exhaust gases were fed into a ventilation line for a laboratory hood.
In order to reach target temperatures within the furnace, additional insulation was added
by placing a roll of fibrous insulation3 in the tube near the gas inlet. Fibrous insulation
was also wrapped around the outside of the tube near the gas outlet to prevent an
excessive amount of heat from escaping.

The exhaust gas side of the tube was

intentionally made longer than the inlet side of the tube to create a larger thermal gradient
between the hot zone (center) of the tube furnace and the cold zone (end of the tube) to
facilitate quenching studies.
1

Thermolyne 54500 High Temperature Tube Furnace; Dubuque, Iowa
CoorsTek; Golden, Colorado
3
Unifrax FiberFrax Durablanket; Niagara Falls, New York
2
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Quenching studies were performed by moving samples in and out of the hot zone of the
furnace by manipulating high purity alumina control rods1 that were fed through the steel
end caps via adjustable compression fittings with high temperature compression glands4.
Samples were placed in 10mL high purity, high form crucibles5, which were seated in
refractory boats6. The refractory boats were connected to the control rods by inserting a
high purity alumina pin through the upper portion of the refractory boat and into a notch
that had been ground into alumina control rod. This connection was robust enough to
permit the refractory boats to be pushed into and pulled out of the furnace hot zone at
desired times and temperatures. Measurement of the thermal profile within the tube
using an S-type thermocouple revealed that samples could be quenched from 1450°C to
≈400°C by pulling samples from hot zone in the center of the tube furnace to the far end
of the tube near the exhaust port.
Tube Furnace Temperature Profile
1600

Outside
Furnace

1400

Temperature (°C)

1200
1000
800

Hot
Zone

600

Quench
Zone

400

Inside
Furnace

200
0
-10

-5

0

5

10

15

20

25

30

Distance from Center (in)

4

Electronic Development Labs Inc.; Danville, Virginia
AdValue Technology; Tucson, Arizona
6
Unifrax Fiberfrax Duraboard, Niagara Falls, New York
5
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Alumina Crucible

Alumina Pin

Notched End of
Alumina Control Rod
Refractory Boat

Alumina Pin
Notched End of
Alumina Control Rod
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Fittings
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Appendix C:
Raw Data Strength Test Data From Dopant Studies
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Undoped Kaolinite

2

Ln(Ln(1/(1-F)))

1
0
-1

3.0

4.0

5.0

6.0

7.0

-2
-3
-4
1450°C

1500°C

1550°C

-5
Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
248
214
240

+/90% CI
16
20
23

Weibull
Modulus
4.3
3.2
3.1

+/90% CI
1.0
0.8
0.7

243

244

245

246

0.25% K2O Kaolinite

2

Ln(Ln(1/(1-F)))

1
0
-1

3.0

4.0

5.0

7.0

6.0

-2
-3
-4

1450°C

1500°C

1550°C

-5
Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
386
286
285

+/90% CI
42
24
26

Weibull
Modulus
2.7
3.5
3.2

+/90% CI
0.6
0.8
0.7

247

248

249

250

0.5% K2O Kaolinite

2

Ln(Ln(1/(1-F)))

1
0
-1

3.0

4.0

5.0

6.0

7.0

-2
-3
-4

1450°C

1500°C

1550°C

-5
Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
260
310
312

+/90% CI
28
52
23

Weibull
Modulus
2.7
1.8
4.1

+/90% CI
0.5
0.4
1.0

251

252

253

254

1% K 2O Kaolinite

2

Ln(Ln(1/(1-F)))

1
0
-1

3.0

4.0

5.0

7.0

6.0

-2
-3
-4

1450°C

1500°C

1550°C

-5
Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
337
258
265

+/90% CI
44
37
33

Weibull
Modulus
2.2
2.1
2.4

+/90% CI
0.6
0.5
0.6

255

256

257

258

5wt% Fe2O3 Kaolinite

2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

-2
-3
-4
1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
261
152
51

+/90% CI
24
11
5

Weibull
Modulus
3.2
4.0
2.9

+/90% CI
0.7
0.9
0.7

259

260

261

262

10wt% Fe 2O3 Kaolinite

2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

-2
-3
-4
1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
224
170
138

+/90% CI
17
10
7

Weibull
Modulus
3.9
4.8
5.8

+/90% CI
0.9
1.1
1.4

263

264

265

266

0.25wt% K2O, 2.5wt% Fe 2O3 Kaolinite

2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

-2
-3
-4
1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
251
290
121

+/90% CI
22
16
21

Weibull
Modulus
3.4
5.2
1.7

+/90% CI
0.8
1.3
0.4

267

268

269

270

0.5wt% K2O, 5wt% Fe 2O3 Kaolinite

2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

-2
-3
-4
1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
242
115
62

+/90% CI
22
9
6

Weibull
Modulus
3.3
3.6
2.8

+/90% CI
0.8
0.9
0.6

271

272

273

274

Undoped Bauxite
2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.5

4.5

5.5

6.5

-2
-3
-4
1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
76
74
234

+/90% CI
7
7
22

Weibull
Modulus
3.6
3.1
3.0

+/90% CI
0.8
0.7
0.8

275

276

277

278

0.5wt% K2O Bauxite
2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.5

4.5

5.5

6.5

-2
-3
-4

1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
113
118
228

+/90% CI
12
13
28

Weibull
Modulus
2.7
2.7
2.5

+/90% CI
0.7
0.7
0.5

279

280

281

282

1wt% K2O Bauxite
2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.5

4.5

5.5

6.5

-2
-3
-4
1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
141
181
290

+/90% CI
10
22
31

Weibull
Modulus
3.9
2.5
2.8

+/90% CI
0.9
0.5
0.6

283

284

285

286

5wt% Fe2O3 Bauxite
2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.5

4.5

5.5

6.5

-2
-3
-4
1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
217
270
157

+/90% CI
19
26
13

Weibull
Modulus
3.3
3.0
3.5

+/90% CI
0.7
0.7
0.8

287

288

289

290

10wt% Fe2O3 Bauxite
2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.5

4.5

5.5

6.5

-2
-3
-4
1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
223
99
44

+/90% CI
21
5
4

Weibull
Modulus
3.1
5.6
3.1

+/90% CI
0.7
1.3
0.8

291

292

293

294

0.25wt% K2O, 2.5wt%Fe2O3 Bauxite
2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.5

4.5

5.5

6.5

-2
-3
-4
1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
130
234
245

+/90% CI
10
28
25

Weibull
Modulus
3.8
2.6
2.9

+/90% CI
0.9
0.6
0.6

295

296

297

298

0.5wt% K2O, 5wt%Fe2O3 Bauxite
2

Ln(Ln(1/(1-F)))

1
0
-1

2.5

3.5

4.5

5.5

6.5

-2
-3
-4
1450°C

1500°C

1550°C

-5

Ln σ (MPa)

1450°
1500°
1550°

Characteristic
Strength (MPa)
255
236
141

+/90% CI
23
18
10

Weibull
Modulus
3.1
3.8
4.1

+/90% CI
0.8
0.9
1.0

299

300

301

302

Appendix D:
Kinetic Equations

303

Equations presented here have been considered for modeling the kinetic behavior
observed during isothermal studies of kaolinite and bauxite under reoxidizing conditions.
Each equation describes a linear relationship between an expression including the
fractional reaction, α, and the rate constant, k, and time, t.

Order of Reaction Models
Zero Order

α = kt

First Order

− ln(1 − α ) = kt

Second Order

(1 /(1 − α )) − 1 = kt

Third Order

(1 /(1 − α 2 )) − 1 = kt

Diffusion Models
One Dimensional/Parabolic
Two Dimensional

α 2 = kt
(1 − α ) ln(1 − α ) + α = kt

Three Dimensional/Shrinking Core
Ginstling-Brounshtein

(1 − (1 − α )1 / 3 ) 2 − 1 = kt

1 − ( 2α / 3) − (1 − α ) 2 / 3 = kt

Geometric Models
Contracting Area

(1 − (1 − α )) 1 / 2 = kt

Contracting Volume

(1 − (1 − α )) 1 / 3 = kt

Sigmoid α-Time Curves
Avrami-Erofeev

( − ln(1 − α )) 1 / n = kt

For n = 2, 3, and 4
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