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Major structural change occurs during sintering on melt formation. Melts activate surface forces that
drive coalescence processes, as surface energy is reduced. The extent to which coalescence occurs
depends on the relationship between surface and viscous forces, which in turn are determined by com-
position and temperature. In this study, a coal ash fusion furnace was utilised to investigate the impact of
composition and temperature on analogue sinter mix tablet reshaping over alumina tiles. Sinter mix com-
positions were comparable to small size fractions of plant sinter mixes; as they are the first to form melt
during sintering operations. A factorial experiment showed basicity to be the dominant driver for reshaping
with increasing temperature. Alumina was found to retard reshaping, but only at low sintering tempera-
tures. Material properties, calculated using FactSage and published correlations, were determined as a
way to investigate forces acting in the system. Results showed the main determinant of reshaping was
apparent viscosity, which was primarily dependent on the amount of melt formed in the sinter mix. The
study also used a novel experimental technique, which demonstrated the ability of surface forces to drive
reshaping and surface energy reduction when the tablet was suspended from a downward facing tile. This
study found that while melt surface tension and wetting behaviour drive system reshaping to reduce sur-
face energy, the extent of sinter mix reshaping was predominately determined by resistance from viscous

forces.
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1. Introduction

Iron ore sintering is an agglomeration process which
converts fine iron ores (typically less than 9 mm) into a
lumpy feed for the ironmaking blast furnace. The sinter mix,
comprised of iron ores, fluxes and coke breeze, is granu-
lated before being charged onto the moving sinter strand.
In a granulating drum water is sprayed onto the sinter mix
causing fine particles to layer onto the surfaces of coarser
particles, forming granules (Fig. 1). As the bed travels
under an ignition hood, coke particles on the top surface
are ignited to form a narrow flame front. Suction applied at

the bottom of the bed draws air through, causing the flame
front to move downwards. In the flame front partial melting
of the sinter mix occurs and the bed undergoes significant
structural change, as agglomerated regions and large voids
form. When the bed is fully sintered it falls onto a spike
roll crusher, which releases these agglomerated (or sinter)
particles.

Figure 1 illustrates structural differences between a green
granulated bed and sintered bed. Coarsening the sinter
mix through granulation improves the permeability of the
green bed and distributes both larger (core) particles and
inter-particle voids throughout the bed in a fairly uniform

Granule cross-section
Large core particle &
adhering fines

Green granulated bed

Sintered bed

Fig. 1.
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Structural change within the sinter bed.
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arrangement.” This is in contrast to the sintered bed that
contains irregularly shaped and sized agglomerated regions
amongst larger void networks. In the flame front tem-
peratures as high as 1350°C are reached and ferruginous
melts form amongst ore particles. These melts promote
coalescence, which is defined as “the physical process in
the flame front that causes material to come together and
form larger units”? (agglomerated regions). The extent to
which the partially-molten mix coalesces within the flame
front determines sinter properties such as size and strength,
and these parameters subsequently influence the operation,
stability and efficiency of the blast furnace."

Coalescence occurs spontaneously on melt formation®
as the three phase system (solid-melt-gas) moves to reduce
surface energy at the micro and macro level. As agglomer-
ated regions form in the flame front, the extent to which
they continue to coalesce depends on the ability of melts to
move these regions and their intra-pores towards sphericity,
as well as driving pore coalescence and removal resulting
in densification.” The main driver is the surface tension
and wetting nature of melts,” with movement resisted by
viscous forces.” Melt surface and viscous forces depend on
many factors, and during sintering their magnitude changes
throughout the bed due to local variations in temperature
and composition.

Coalescence is complex and cannot be studied directly
through tracking and quantifying material movement during
sintering operations. Further, coalescence in iron ore sinter-
ing is not well understood and cannot be quantified using a
specific measure or equation. Several approaches'~ " have
been adopted to investigate coalescence phenomenon. Sinter
properties including size, density and pore properties have
been used to understand and compare the degree of coales-
cence in laboratory-scale sinter tests. However, these
approaches have been unable to incorporate or quantify
the impact of melt properties, which underlie coalescence
behaviour.

This study aims to provide insight into how melt behav-
iour is impacted by composition, temperature and material
properties, as a way to elucidate the mechanism of melt
flow. Firstly, studies on coalescence have been reviewed,
as well as the mechanism of melt formation within sinter-
ing operations; from which a suitable sinter mix compo-
sition was identified for experimental investigation into
wetting and reshaping over a controlled (alumina) surface.
Secondly, an experimental program has been undertaken

alumina tile

Gravitational force -
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in a Coal Ash Fusion (CAF) furnace, allowing the impact
of composition and temperature on macro movement and
reshaping of pressed analogue sinter mix tablets (on alumina
tiles) at sintering temperatures to be assessed. The ability of
sinter mix tablets to flow and reshape, due to melt forma-
tion, was a way to assess their ability to drive surface energy
reduction and hence influence coalescence. The effect of
changing the force balance was also explored using a novel
experimental approach (see Fig. 2), where the tablet was
suspended from a downward facing tile. Finally, the forces
acting within the sinter mix tablets on heating were related
to the observed reshaping of the tablet as well as material
properties inferred from published correlations. A critical
review of these correlations is also presented.

2. Literature Review

2.1. Coalescence

The amount and properties of the melts formed are the
result of sintering reactions in the flame front, which are
sensitive to local conditions within the sinter bed. With
the passing of the flame front, melts solidify to form the
bonding phase in the product sinter. Dawson et al.® (1984)
showed how sinter bed temperature profiles vary with bed
depth. As the flame front descends, both maximum tempera-
tures and the width of the flame front (time at sintering tem-
peratures) increase. They investigated the effect of heating
fluxed iron ore tablets to different maximum temperatures
and found significant changes in the resulting mineralogy,
porosity and texture.

The first mention of the coalescence phenomenon within
iron ore sintering was by Kasai et al.”’ (1989). Their inves-
tigation into coalescence involved theoretical analysis of
the forces acting within the sinter bed and experimentally
investigating coalescing behaviour of manufactured gran-
ules. They identified three important forces driving sinter
bed structural change: compressive, frictional and capillary.
These forces are the result of material mass in the packed
bed, the flowing gas stream and the formation of a wet-
ting liquid. The main forces driving structural change were
found to occur from a balance between compressive and
capillary forces. Experimental work utilised granules of
nuclear particles surrounded by mixtures of fine iron ore
and limestone (adhering fines). Groups of granules were
heated to various sintering temperatures and the extent of
coalescence determined from qualitative observation, based

alumina tile

Gravitational force -
away from the tile surface (AWY)

Fig. 2. Forces involved in sinter mix reshaping to reduce surface energy.
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on the extent of granule fusion. The extent of coalescence
was related to the viscosity of the adhering fines mixtures,
which included the apparent viscosity of solid-melt mixtures
when experimental temperatures were below liquidus tem-
peratures. They also identified surface tension, melt viscos-
ity and/or the apparent viscosity (melt-solid mixtures) to be
essential factors to understand the coalescence mechanism.
Calculations involving capillary forces and the viscosity of
melts formed from the adhering fines layer were based on
the binary calcium-ferrite system, which is a simplification
of multicomponent sinter mixes.

Loo et al.”’ (1992) outlined the mechanism of melt forma-
tion within sintering. The general understanding is that the
first or primary melts form within the adhering fines layer
of granules; where the smallest particles are in close contact
(see granule structure, Fig. 1). Secondary melts form as the
nuclear particle is assimilated by the primary melt. The het-
erogeneous nature of the sinter bed results in local variations
in both melt chemistry and temperature that affect mate-
rial properties and hence coalescence. In spite of the local
variations, they were able to demonstrate that primary melt
formation can be investigated through using compositions
comparable to the —0.5 mm fraction of plant sinter mixes.

Loo and Leung® (2003) heated a range of analogue sinter
mixes under sinter temperature profiles to investigate the
impact of composition and temperature on bonding phase
micro-structure. Composition and temperature were shown
to impact melt properties through their impact on bubble
reshaping and coalescence, which were observed from the
pore properties of the micro-structure. Temperature had a
significant effect on the resulting porosity, with increas-
ing temperatures showing increasing pore coalescence and
rounding. However, due to limited data for sinter mixes
results could not be quantified in terms of melt properties.

Yap et al.” (2007) utilised 2D image analysis techniques
to investigate pore coalescence of analogue sinters. They
found pore morphology (solidity) and area were the most
suitable parameters for investigating micro coalescence,
which also reflect melt properties.

Loo and Heikkinen" (2012) assessed sinter properties
at different locations within a sinter bed and found that
increasing sinter temperatures resulted in the production of
denser sinter particles. The formation of more melt in the
lower bed improved the ability of the system to coalesce.

Based on work by Kasai et al,” the implication for
structural change in the sinter bed is that the top of the bed
primarily results from the capillary forces of sinter melts,
while lower in the bed both capillary and compressive forces
apply. Another consideration is that while the impact of the
compressive force increases with increasing bed depth is
also influenced by bed temperatures. Dawson et al.®) showed
temperatures increase down the bed and temperature
impacts sinter density" and bonding phase micro-structure.”

Table 1. Partial molar surface tension and temperature coefficients for melt components.

2.2. Melt Properties

The present study investigates multicomponent sinter
mixes that approximate primary melt formation (see Sec-
tion 3) and analyses reshaping behaviour in relation to melt
properties. Ferruginous melts generated during sintering
differ to oxide melts in other metallurgical systems due to
their high Fe,Os content. Consequently, there is limited pub-
lished data on material properties of melts encountered in
iron ore sintering systems. However, software packages and
mathematical models are available for various slag systems;
some with broad application and these were investigated
to determine appropriate correlations with which to assess
experimental results, and are discussed below.

2.2.1.  Surface Tension

Capillary forces drive structural change in the flame front,
providing strong surface densification forces” that work
to pull material together. The strength of capillary forces
depends on both melt surface tension and how it wets ore
particles.

The surface tension of oxide systems can be determined
using an additive approach.'” However, surface tension
is a surface property rather than a bulk property; where
surface active components alter the surface tension as they
move from the bulk to the interface.'” Mills and Keene'?
outlined a model for determining the surface tension of
Basic Oxygen Steelmaking (BOS) slags at 1 500°C, which
takes into account surface active components. The model is
also applicable to multi-component industrial slags and can
be used at various temperatures by applying a temperature
coefficient model, which is based on the melt composi-
tion.'" The experimental mixes in the present study con-
tained one surface active component, hematite. As such, the
equation to determine the surface tension of experimental
melts is given by:

yr=Y %y +(T—1773)Zx,-(d7/%T) .......... )

Where
e v is the surface tension of the melt at temperature T,
e y; is the mole fraction of component 7, in the melt,
e ¥ is the partial molar surface tension for melt compo-
nents, see Table 1
T is the melt temperature, K
dy/dT; is the partial molar surface tension temperature
coefficient for melt components, see Table 1

2.2.2. Wetting

Wetting is the term used to describe the equilibrium
configuration of a three phase (solid-liquid-gas) system due
to the balance between surface forces.'? Young’s equation
describes the horizontal balance of surface energies; where
0. is the contact angle the liquid makes with the system

11,12)

Oxide A1,0; CaO

FeO MgO SiO, Fe,0;

yimNm™) @ 1500°C 655 625
dy/dT mNm 'K -0.177  —0.094

645 635 260

(—216.2/x+516.2)
-0.13 0.031 -0.05

£ For Xpe2o3 > 0.125; which is applicable to this study. See Ref. 12) for xpe203 other than > 0.125.
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at equilibrium and 7y is the surface energy (or surface ten-
sion)'*!9 for the three interfaces, see Fig. 3.

Ysv =YsL +7YLy COS eeq

The contact angle a liquid makes with a solid surface
at equilibrium characterises how the liquid wets the solid.
When the contact angle is less than 90° the liquid is
described as wetting. Literature indicates that melts formed
in iron ore sintering operations are wetting.'®

Investigation of sinter mix tablet behaviour in the present
study was conducted using an alumina tile surface, where
the surface energy of the solid-vapour surface was held
constant. Variations in the reshaping and spreading nature
between sinter mixes could be compared. However, the
effect of surface tension and wetting alone are not sufficient
to explain observed differences in reshaping behaviour;
viscous resistance, that retards movement, also needs to be
considered. This is discussed further below.

Wetting melts formed during sintering will flow, reshape
and interact with solid surfaces to minimise surface energy.
A consequence of wetting liquids is the phenomenon of
capillary rise, which has implications for melt behaviour and
capillary forces that occur during sintering.

In the flame front partial melting occurs, which results in
configurations where melts form liquid bridges between ore
particles. The wetting nature of sintering melts*'® means
they interact with ore particles to create capillary forces
that work to pull the ore particles together. These capillary
forces are proportional to the surface tension of the liquid.'”

Another consequence of wetting liquids is their abil-
ity to maintain contact with solid surfaces against the
force of gravity. This behaviour is utilised in detachment
techniques for determining liquid surface tension, such as
the drop weight method.'® In the current study a novel
technique is used to investigate surface forces in analogue
sinter mixes. By changing the way the gravitational force
acts on the experimental system (see Fig. 2), the ability
of surface forces to hold sinter mixes on alumina tiles and
drive surface energy reduction can be compared. Using this
technique, sinter mix tablets are not constrained by the size
of the solid surface, which means they can demonstrate their
capacity to drive surface energy reduction by moving and
reshaping over the surface of the tile, if surface forces are
greater than the gravitational force.

2.2.3. Viscosity

While surface forces work to drive surface energy reduc-
tion, their ability to cause movement and reshaping is
retarded by viscous forces. If viscous forces are greater than
surface forces movement will not occur.

Yiv

Fig. 3. Equilibrium contact angle and interfacial energy relation-
ship (SV: solid-vapour, SL: solid-liquid, LV: liquid-vapour).
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Local variations in composition and temperature through-
out a sinter bed affect both melt surface tension and vis-
cosity. However, when melts form during sintering they
typically coexist with solid phases; which further increases
their resistance to flow. The viscosity of a solid-melt mix-
ture is termed ‘apparent viscosity’, and is a function of both
melt viscosity and the volume fraction of solids within the
melt. The present study investigates how melt viscosity and
apparent viscosity affect sinter mix tablet behaviour.

There is limited experimental data published specifically
on the viscosity of oxide melts found in iron ore sintering
systems. The most comprehensive study to-date was by
Machida et al.'® who experimentally determined viscosities
for slags similar to those found in iron ore sintering systems.
However, application of their model to sintering systems is
limited; requiring additional experimental data in order to
verify model results.'” There are however, mathematical
models that determine viscosity based on structural param-
eters (due to the presence of different types of oxides) that
apply to sintering melts, including FactSage®” and CSIRO’s
MPE model.?" The current study utilises the FactSage (Ver-
sion 6.4) viscosity model.

Solid-liquid mixes that occur in sintering systems typi-
cally exhibit Bingham type flow;’*? where a yield strength
must be overcome before flow can occur. For this type of
flow the apparent viscosity can be determined using the
Einstein-Roscoe equation for a two-phase (liquid-solid)

system;*?

Ha = U (1—af) e,
Where:

e 1, is the apparent viscosity of the solid-melt mix,
Uy is the viscosity of the melt,

e fis the volume fraction of solid particles in the melt,

e while a and » are constants.

Ideally the constants ¢ and » would be fitted to experi-
mental data. In the absence of experimental data however,
suggested values of 1.35 and 2.5 respectively were used,
which are for systems containing spherical particles. Appli-
cation of the Einstein-Roscoe equation to the experimental
sinter mixes requires knowledge of melt volumes.

Generally the molar volume of oxide systems can be
determined using an additive approach, based on the mole
fraction of components. However, certain oxides influence
the molar volume based on their composition in the melt,
including silica and alumina. Mills and Keene'® outlined a
mathematical model, developed for BOS slags, that takes
into account these effects. The application of this model to
iron ore sintering melts is reasonable as the model has broad
application.'"!?

2.3. Discussion

The main forces involved in driving the reshaping behav-
iour of sinter mixes on alumina tiles are surface, viscous and
gravity. Surface forces work to reduce surface energy in
the system, while viscous forces oppose movement. When
the gravitational force is towards the tile (TWD, see Fig. 2)
it works with surface forces to drive reshaping. However,
when the direction of the gravitational force is away from
the tile (AWY, see Fig. 2) the ability to maintain contact
with the tile and reshape to reduce surface energy depend
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on the strength of surface forces. Under such conditions it
is expected that the reduction in tablet height will not be
as large as when gravity works with reshaping. Further, if
surface forces are not strong enough, tablet height could
increase as the viscous resistance decreases and the tablet
elongates. If surface forces are too low, the tablet will
detach from the alumina tile.

Studies to date have not provided a methodology that
directly quantifies the impact of pore coalescence within
sinter mixes. After heating, the resulting sinter mix tablet
volume is the sum of the solids volume (including solid
phases and solidified melt) and gas volumes from remaining
pores. The gas volume can be considered as the outcome of
coalescence from when the melt was in liquid form, which
also relates to densification within the sinter mix. Assuming
tablets maintain contact when the gravitational force is away
from the tile, differences in coalescence behaviour could be
investigated through understanding how tablet volumes are
impacted by changing the force balance.

3.

3.1. Design of Experiment

Loo and Leung® showed basicity, non-iron oxide content
and alumina had a large impact on the resulting micro-
structure of sinter bonding phases in terms of pore size,
shape and area. The present study assesses the impact of
these three factors using a designed experiment approach;
where factors vary independently of each other to prevent
confounding and interaction effects can be assessed. Factors
used in the present study include:

e gangue level (non-iron oxide content),
alumina in the gangue (percent of non-iron oxide
content), and
basicity (wt% CaO/wt% SiO,)

The reference chemical composition in this study is com-
parable to the composition of small size fractions of plant
sinter mixes, which can be used to approximate primary
melt formation® and is shown in Table 2. The experimental
inference space is bounded by the settings chosen for the
factors and is shown in Table 3. Sintering temperatures
were investigated in 5°C intervals from 1300°C up to a

Experimental

Table 2. Composition of midpoint chemistry.
wt% Total wt% in Gangue
Fe,03 79.19 N/A
CaO 12.05 57.90
SiO, 6.02 28.93
AlLO; 2.19 10.52
MgO 0.55 2.64

Table 3. Experimental inference space for factors investigated.
Factor Low Mid High
Gangue level, wt% (non Fe,O; content) 18.8 20.8 22.8
Alumina in gangue, wt% 8.5 10.5 12.5
Basicity (wt% CaO/wt% SiO,) 1.5 2.0 2.5
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maximum of 1 350°C.

3.2. Preparation of Sinter Mix Tablets

Analytical grade chemical powders used in the prepara-
tion of sinter mix tablets included: hematite (Fe,Os3); lime-
stone (CaCOs); kaolinite (ALSi,0s(OH)4); silica (SiOy);
and magnesium carbonate (MgCOs3). Chemicals were dried,
weighed and homogenously mixed to the required composi-
tions. Sinter mix tablets, each weighing approximately 0.4
g, were made using a cylindrical die with 6 mm internal
diameter. A Shimadzu AGS-10kND press applied 200 N
to each tablet.

To minimise experimental error two replicates of each
compositon (for a total of three runs) were tested, which
were made and tested in random order to avoid confounding
results by systematic and/or equipment error.

3.3. Melt Flow on Alumina Tiles

Tablets were heated in a Carbolite Coal Ash Fusion
(CAF) Digital furnace, with an internal work tube diameter
of 79 mm and a maximum temperature of 1 600°C. A CCD
camera fitted to the front of the furnace captured images of
the tablets as they reshaped, as shown in Fig. 4. Images were
recorded from 800°C at 1°C intervals.

Sinter mix tablets were placed on alumina tiles and posi-
tioned in the CAF furnace on a sample holder as shown
in Fig. 4. A controlled alumina tile surface was used to
isolate the impact of primary melt formation on sinter mix
behaviour, without the complexity of assimilation reactions
that occur with iron oxides during sintering. Tablets were
heated at 6°C min~' under an air atmosphere (supplied at
3 psigand 1 L min~") to 1350°C and held for 1 minute to
ensure 1 350°C was reached. Images of the tablets were
assessed, with tablet height found to be the most reliable
and reproducible response variable.

3.4. Melt Flow when the Tablet is Below the Tile
Two heating stages were required. The first was to adhere
sinter mix tablets to the alumina tiles. While the second was

Pt wire &
thermocouple sheath

Sinter mix tablet
(0.4g; @ 6mm)

o

Aluminatile —

TWD

Sample carrier

Window

Camera

SiC heating
element

Thermocouple
Fig. 4. Schematic diagram of experimental apparatus.
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to assess flow and reshaping of sinter mix tablets, at sinter-
ing temperatures, when the gravitational pull was away from
the tile (see Fig. 2).

Sinter mix tablets were heated under the conditions out-
lined in Section 3.3; except heating stopped at 1 290°C. At
this temperature tablets adhered to the tile with limited flow
and reshaping. However, samples with both high alumina
and high basicity required 1295°C to adhere to the tile.
Once the tablets had cooled they were removed from the
furnace.

Platinum wire and thermocouple sheaths were used
to secure the alumina tiles so tablets faced downward as
shown in Fig. 4. Thermocouple sheath was used to cover
the platinum wire, reducing glare in the furnace images.
Tablets were then heated under the same conditions outlined
in Section 3.3.

3.5. Experimental Response

Furnace images were assessed using Zeiss axio-vision
software to obtain pixel heights for each tablet. Tablet pixel
height was normalised to allow comparison between tablets
of different furnace runs. Tablet height was reported as a
ratio of pixel heights, where the reference height was at
1 100°C (before melt formation).*®

3.5.1. Statistical Analysis of Experimental Response

An advantage of using a designed experiment approach
is that results can be statistically assessed to determine the
impact each experimental factor has on the experimental
response. The impact of experimental factors (gangue level,
basicity and alumina in the gangue) on tablet height was
assessed using Minitab 15, where analysis was carried out
at 5°C increments. The analysis provided correlations at
each temperature interval. These correlations provided coef-
ficients (&%) for each experimental factor, which represented
the influence of the factor on the experimental response,
and whether its effect on height reduction was positive or
negative.

3.6. FactSage

Sinter mixes are multi-component and calculations to
determine melt formation on heating are complex. When
sinter mixes are heated, melts start forming amongst solid
phases, and with increasing temperature the mass and com-
positions of solid and melt phases change. To investigate
sinter mix melt formation FactSage?” (version 6.4), a ther-
mochemical software and database package, was employed.
FactSage features a Gibbs energy minimisation module
that determines complex heterogeneous equilibrium for
multi-component systems. The Gibbs module was used to
determine equilibrium composition and mass data for liquid
(melt) and solid phases for experimental sinter mix compo-
sitions, which were used to calculate material properties, at
experimental temperatures.

4. Results and Discussion

4.1. Effect of Composition and Temperature on Tablet
Height

Tablet height has been plotted as a function of tempera-

ture in Fig. 5 for each of the nine experimental chemistries.

© 2016 IS

Results for each composition are the average of three experi-
mental runs, which showed good reproducibility. Composi-
tions in the legend refer to whether the setting was high
(H), low (L) or the midpoint (M) for gangue, alumina in the
gangue, and basicity respectively. To assist with interpret-
ing results in Fig. 5, the contribution of each experimental
factor (¢7) on tablet height as a function of temperature was
also plotted and is displayed in Fig. 6. Results are discussed
below in terms of basicity, gangue, alumina in the gangue,
and temperature. It is noted that the statistical analysis did
not identify any significant interactions between factors in
the experimental inference space.

4.1.1. Basicity

Results in Fig. 5 show greater reduction in height at high
basicity levels, followed by the mid basicity level, with
low basicity compositions displaying the least reduction in
tablet height. Results in Fig. 6 confirm that basicity is the
dominant influence on tablet height for temperatures above
1 310°C. Information in the literature®2* indicates basic-
ity impacts sinter mix liquidus temperatures, with higher
basicity resulting in lower liquidus temperatures. Although
liquidus temperatures were not reached in the present study,
basicity levels may impact the extent of partial melting, and
hence the fluidity within sinter mixes, to drive tablet height
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Fig. 5. Change in tablet height with temperature (G = gangue, A =
alumina in gangue, B = basicity).
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Fig. 6. Impact of experimental factors on tablet height.
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reduction.

4.1.2. Gangue

Within a basicity group (high or low) the effect of
gangue levels can be compared, see Fig. 5. In both the high
and low basicity group, tablets that showed greater height
reduction had high gangue levels. Results in Fig. 6 show
that while basicity is the main determinant of tablet height
reduction, gangue levels also contribute, at temperatures
above | 320°C. These results agree with information in the
literature,” which indicates that increasing gangue levels
also have the effect of reducing the liquidus temperature.

4.1.3. Alumina in the Gangue

When the only difference between a pair of composi-
tions (in Fig. 5) is the amount of alumina in the gangue
(e.g. HHH and HLH), the effect of alumina is apparent. In
each case the sinter mix with high alumina in the gangue
resulted in less reduction in tablet height. Results in Fig. 6
show that at lower sintering temperatures, between 1 305
and 1 315°C, alumina had a negative effect (retarding tablet
height reduction), which was also observed in Fig. 5 (see
HLH versus HHH).

Results in the literature® suggest small changes in alu-
mina levels do not have a significant effect on the liquidus
temperature. However, the effect on pore microstructure (at
1 300°C) was significant,” with increasing alumina levels
increasing the overall pore area, which indicated a lack of
fluidity. Results in Fig. 6 agree with the literature, as alu-
mina was found to retard tablet height reduction at lower
sintering temperatures (between 1 305 and 1 315°C), which
is consistent with the effect on pore microstructure. While
at higher temperatures alumina in the gangue did not have
a significant impact on tablet height, which was consistent
with the limited impact on liquidus temperature.

4.1.4. Temperature

Figure 5 shows that tablet height reduction increased as
temperature increased, however temperature alone did not
indicate the extent of reduction in tablet height as composi-
tion was a significant factor. At the maximum temperature
of 1350°C all compositions showed a reduction in height,
however, the composition determined the extent. It is to
be expected that increases in temperature would drive tab-
let height reduction, but its impact may be related to the
proximity of the liquidus temperature, which depends on
composition.

4.2. Effect of Sinter Mix Material Properties on Tablet
Height

Composition and temperature were found to impact the
reshaping ability of sinter mix tablets. While these effects
were attributed to melt formation, they alone cannot define
how melt formation impacts material properties and hence
reshaping. Movement and reshaping could be due to
changes in melt volume, melt viscosity, surface forces or
combinations of these effects. As such, sinter mix material
properties were determined to investigate how the forces
acting within analogue sinter mix tablets impacted the
reduction in tablet height.

4.2.1. Melt Mass

FactSage was used to predict the mass of melt formed
in each of the nine sinter mix compositions at temperature.
Figure 7 shows how experimental results for each replicate
over all nine compositions (between 1 320 to 1 350°C) cor-
relate with the mass of melt. Analysis over this temperature
range allows investigation of temperature effects, as the
influence of other experimental factors have stabilised at
1 320°C, as shown in Fig. 6. A strong correlation exists,
where 96% of the variation in the experimental response
can be explained by the mass of melt formed within the
tablet. As melt formation increases there is a greater reduc-
tion in tablet height. Results suggest that the amount of
melt formed plays a significant role in driving movement
and reshaping.

4.2.2. Melt Viscosity

Figure 7 also shows that over the experimental tempera-
ture range none of the compositions reached their liquidus
temperature. FactSage was used to obtain mass and com-
position data of the melt and solid phases at experimental
temperatures. The viscosity of the melt phase was calculated
using the FactSage viscosity model. In terms of general
trends, experimental results for height reduction were
consistent with FactSage predictions for melt viscosity.
However, the correlation was not as strong as for the mass
of liquid, nor was the spread of viscosity values as large.

4.2.3. Apparent Viscosity

Apparent viscosity combines the effects of solids volume
and melt viscosity and as such may provide a better indica-
tor of tablet behaviour. The apparent viscosity of analogue
sinter mixes was determined using the Einstein-Roscoe
equation for a two-phase (melt-solid) system.?” The volume
fraction of melt and solid phases were determined through
converting FactSage composition and mass data to volumes.
Solid species were converted to volumes using density data,
while a mathematical model, outlined in Section 2, was used
to predict melt molar volumes.

Tablet height was plotted as a function of apparent vis-
cosity and is displayed Fig. 8 over the temperature range
1 320-1 350°C. Figure 8 demonstrates a logarithmic trend
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Fig.7. Sinter mix tablet height versus mass of liquid
(1320-1 350°C).
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Fig. 8. Sinter mix tablet height versus sinter mix apparent viscos-
ity (1 320-1 350°C).

in the relationship between tablet height and apparent vis-
cosity; where small changes at low apparent viscosities
correspond to large changes in tablet height, while large
changes at high apparent viscosities result in small changes
in tablet height. Low apparent viscosity values correspond
to high basicity (2.5) compositions, while high apparent vis-
cosities correspond to low basicity (1.5) compositions. The
midpoint basicity (2.0) composition has apparent viscosity
values that overlap between the two basicity levels. These
findings are consistent with results that were analysed in
terms of experimental factors (Section 4.1), which showed
basicity to be the dominant influence for reduction in tablet
height. Apparent viscosity is sensitive to the solids content
(volume) and as such results in Fig. 8 suggest differences in
tablet height reduction are predominately driven by basicity
levels, which impact sinter mix melt volume.

4.2.4. Surface Tension

The surface tension of melts formed on heating the sinter
mix tablets were calculated using Eq. (1), outlined in Sec-
tion 2.2.1, using FactSage melt composition data. Sinter
mix tablet height was plotted for each basicity level as a
function of surface tension in Fig. 9 over the temperature
range 1 320—1 350°C. Within a basicity group there is little
variation in surface tension compared to the change in tablet
height (which corresponds to increasing temperatures as tab-
let height reduces). Even between basicity levels, the spread
of results is not significant. The trends shown in Fig. 9 cor-
respond to findings in literature for calcium ferrite melts that
show little temperature dependence for a given composi-
ton” and limited variation between chemistries at the same
temperature.”>*® Results suggest that while surface tension
is important to driving surface energy reduction, it is not
the dominant factor that determines the extent of reshaping.

Calculated surface tensions (0.3 N m ') were much lower
than experimental values of 0.5-0.6 N m ™' reported in
literature for melts similar to those found in sintering.?>*®
Melts in the present study had one surface active compo-
nent, hematite. Since hematite is a major component of the
melts, it had a large impact on surface tension values. While
the surface tension correlation used in this study is appli-
cable for multi-component industrial slags,'” it may not be
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Fig.9. Sinter mix tablet height versus melt surface tension
(1320-1 350°C).

as accurate when dealing with sintering melts, which are
significantly higher in hematite. However, calculated values
may be used to investigate relative trends and differences
between melt compositions.

4.2.5. Variation in Results

Knowledge of the physical properties of sinter mixes pro-
vides greater insight into factors driving material movement
compared to composition and temperature alone. Surface
tension is essential in driving surface energy reduction;
however it showed little correlation to the experimental
results. Much stronger correlation was observed for factors
that relate to viscous forces including apparent viscosity and
the mass of melt. These results suggest analogue sinter mix
tablet movement is primarily determined by viscous forces
rather than surface tension. In terms of sintering operations,
viscous forces would also be expected to have significant
impact on structural change.

A concern in tablet reshaping is the potential for segrega-
tion between solid and liquid phases due to melt formation
and flow on the alumina tile. Segregation would cause
localised variation in the composition of the sinter mix tablet
and hence impact material properties as flow occurs; where
the composition of melt that flows on the tile differs to the
remaining sinter mix. In cases where segregation occurs,
direct application of material properties determined using
FactSage (thermodynamic) data would be limited. However,
general trends can still be observed.

4.3. Effect of Changing the Vertical Orientation of the
Tile Surface
Results of sinter mix tablet behaviour when the gravi-
tational force is AWY from the tile are discussed below.
Three experimental runs at each sinter mix composition
were tested.

4.3.1. Impact of Composition on Reshaping Behaviour

As tablets were heated their viscous resistance decreased
due to increased melt formation. Results in Section 4.2
showed there was a large difference in the viscous force
between sinter mixes at sintering temperatures. By changing
the gravitational force to act AWY from the tile, differences
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in the viscous resistance became more apparent. Figure 10
compares compositions that showed the greatest (left) and
least (right) reduction in tablet height when the gravitational
force was TWD the tile. Both sinter mix tablets maintained
contact with the alumina tile on heating, demonstrating dif-
ferent reshaping behaviour. The tablet on the right did not
appear to change shape, while the tablet on the left (HLH)
showed significant reshaping. The fluidity of HLH appeared
to increase above 1305°C allowing the tablet to elongate
as the viscous resistance decreased, increasing the ratio of
surface to viscous forces. Subsequently, the surface force
worked to pull the sinter mix towards the tile, reducing the
surface energy of the system. This phenomenon occurred
in the two chemistries that showed the greatest reduction in
height (HHH and HLH), and is discussed below.

4.3.2. Comparing the Effect of the Gravitational Force on
Tablet Height

Results for tablet height, both TWD and AWY from
the tile, have been plotted as a function of temperature in
Fig. 11, to investigate the effect of the gravitational force.
Results show the average of three experimental runs for
each case. In the runs where the gravitational force was
AWY, both sinter mix tablets elongated as the viscous
resistance was reduced due to melt formation. Elongation
occurred at temperatures that corresponded with the largest
change in tablet height when the gravitational force was

1290°C

1305°C 1307°C

1309°C

TWD the tile. Consequently, the largest change in tablet
height for the AWY runs required higher temperatures than
the TWD runs. In each sinter mix case, final tablet heights
for the AWY runs were higher than the TWD runs, which
was attributed to the effect of the gravitational force work-
ing against or with surface energy reduction. Results in Fig.
11 show the ratio of surface to viscous forces is important
to tablet reshaping.
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Impact of the gravitational force on sinter mix reshaping after heating to 1 350°C.
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4.3.3. Comparison of Tablet Reshaping and Spreading

A comparison of tablet reshaping (for all nine composi-
tions) due to changing tablet orientation is shown in Fig.
12. In terms of height reduction, reshaping and spread over
a tile, tablets showed consistent behaviour between sinter
mixes. Though, as expected, for each composition there
was less reshaping for tablets AWY. Results demonstrate
the strength and significance of surface forces (that occur
on melt formation) in maintaining contact with alumina tiles
and driving surface energy reduction. However, they do not
account for the large variation in reshaping between sinter
mixes, as variation in melt surface tension was limited (Sec-
tion 5.3). Sinter mix tablet flow AWY from alumina tiles
also suggests viscous forces are the controlling force that
determines the extent of sinter mix tablet reshaping.

5. Conclusions

Laboratory-scale experiments, in a Coal Ash Fusion
furnace, were carried out to study the effects of melt for-
mation on analogue sinter mix tablet reshaping. Sinter mix
compositions tested were comparable to small size frac-
tions of plant sinter mixes; which are the first to form melts
during sintering operations. Tablet flow and reshaping are
the result of surface, gravity and viscous forces that occur
on melt formation, and reflect their ability to drive surface
energy reduction.

A factorial experiment showed basicity to be the domi-
nant driver for reshaping with increasing temperature.
Alumina was found to retard reshaping, but only at low
sintering temperatures. While composition and temperature
were shown to have a large impact on tablet reshaping, they
do not provide insight into the forces driving this behaviour.

A search of published correlations on material proper-
ties was conducted to determine correlations that could be
applied to experimental compositions. FactSage was used to
determine equilibrium compositions and mass of melt and
solid phases at sintering temperatures, and as such provided
the basis for estimating material properties. Results showed
viscous forces were the main determinant of analogue sinter
mix tablet movement, rather than surface forces. However, a
novel experimental technique that changed the direction of
the gravitational force, relative to sinter mix tablet reshap-
ing, demonstrated the significance of surface forces. Surface
forces worked to maintain tablet contact with alumina tiles,
while also driving reshaping behaviour to reduce surface
energy.

The novel experimental technique also demonstrated the
impact of gravity on sinter mix tablet densification through
the resulting tablet volumes after heating. Qualitative obser-
vation between sinter mixes of the same chemistry showed
smaller tablet volumes resulted when the gravitational force
was toward the tile surface. Differences in tablet volume
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are due to gas volumes, which are a function of the number
and size distribution of pores. As such, the experimental
technique could provide a method by which to assess bubble
coalescence.

Sinter mix tablet reshaping was studied at sintering
temperatures to understand the impact of melt properties.
This study found that while melt surface tension and wet-
ting behaviour drive surface energy reduction, the extent
of sinter mix tablet reshaping was primarily determined by
resistance from viscous forces.
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