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Magnetite iron ore green pellets are produced by balling moist concentrates to
green pellets, which are then dried, oxidized to hematite, sintered, cooled and
transported to steelmaking plants. The existing theory for balling is based on the
capillary theory, but its applicability under industrial balling conditions is unclear.
The aim of this study has been to clarify the principal mechanisms controlling the
properties of iron ore green pellets. Special attention has been paid to studying
how variations in raw material fineness influence green pellets behaviour during
balling, oxidation and sintering. This knowledge of the principal mechanisms is
needed to provide a sound basis for a successful process control strategy. The
applied approach was to further develop the laboratory methods used in green
pellet characterization. Oxidation in green pellets was measured by
thermogravimetry and sintering was followed by dilatometry.

A new measuring device for the characterization of green pellet strength was built
and a new measuring method for green pellet plasticity was developed. The
optimum moisture content in balling was defined as the moisture content resulting
in a given degree of plasticity in green pellets. Pellet feeds with steeper particle
size distributions required a higher moisture content in balling. Properties of green
pellets prepared from different raw materials should be compared at constant
plasticity (under realistic balling conditions), not at constant moisture content, as
has been done earlier. At constant plasticity and with 0.5% bentonite binder,
variations in the fineness of the magnetite concentrate did not influence the green
pellet wet strength, within the limits studied in this work. This is because in the
presence of the bentonite binder, green pellet wet strength was mainly controlled
by the viscous forces of the binder liquid.

A marked degradation in green pellet mechanical strength both in wet and dry
states was found in the presence of a surface-active flotation collector reagent.
This loss in green pellet quality was explained by a strong attachment of air
bubbles in the green pellet structure. High-speed camera images showed multi-
breakage patterns due to crack propagation between the air bubbles. This explains
the increased generation of dust observed at the pellet plant. The negative effects
of the flotation collector reagent on balling diminished during storage of the pellet
feed. The results emphasize the importance of minimizing the reagent dosages in
flotation and maximizing the residence time of the pellet feed in the
homogenizing storage before balling.

When a pellet starts to oxidize, a shell of hematite is formed while the pellet core
is still magnetite. Thermal volume changes in these two phases were studied.
Sintering in the magnetite phase started earlier (950
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phase (1100 Therefore, the difference in sintering rates between the magnetite
and hematite phases was largest at around 1100oC. The sintering rate increased in
both phases with increasing fineness in the magnetite concentrate. A finer grind in
the raw material would, therefore, promote the formation of the unwanted duplex
structures with a more heavily sintered core pulling off from the shell. At constant
original porosity in green pellets, the oxidation rate decreased as the magnetite
concentrate became finer, because of the enhanced sintering. However, in
practical balling, finer raw materials would necessitate the use of more water in
balling, which results in an increase in green pellet porosity. These two opposite
effects levelled out and the oxidation time became constant. Under process
conditions, differences in the duplex structure would still be expected. This is
because only partial oxidation takes place before sintering in the kiln.

Olivine, which is used as an additive in LKAB blast furnace pellets, was found to
initiate the dissociation of hematite back to magnetite already at temperatures that
can occur during oxidation in the PH zone. The rate of dissociation was largely
influenced by the olivine fineness. If the dissociation temperature is exceeded, the
resulting decrease in the oxidation rate increases the size of the un-oxidized core
exposed to sintering before oxidation. Also, dilatometer measurements showed
opposite thermal volume changes in the oxidized hematite shell and in the
magnetite core in the presence of olivine. Dissociation caused a large volume
increase in the oxidized hematite shell, while the olivine addition further
enhanced the sintering of the magnetite core. These mechanisms lead to increased
structural stress between the hematite shell and the magnetite core. This
knowledge was applied at the LKAB Svappavaara pelletizing plant. Coarser
grinding of the olivine additive resulted in a marked improvement in the low-
temperature reduction strength (LTD) in pellets.

The final conclusion, then, is that excessive grinding of the pelletizing raw
materials, both the magnetite concentrate and the additives, can cause severe
problems and step-wise changes in the oxidation and sintering mechanisms
without resulting in any additional gain in terms of green pellet mechanical
strength. The capillary theory failed to describe the properties of wet green pellets
under industrial balling conditions. The results also clearly point out that
continuous in raw material properties would cause complex
fluctuations in both balling and induration.

Agglomeration; Pelletizing; Iron ore; Magnetite; Green pellets;
Oxidation; Dilatation; Particle size
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Pelletizing of iron ore was started in the 1950s to facilitate the utilization of finely
ground iron ore concentrates in steel production. Two main types of processes
have been developed, the Straight Grate and the Grate Kiln processes. In the
Straight Grate process, a stationary bed of pellets is transported on an endless
travelling grate through the drying, oxidation, sintering and cooling zones. In the
Grate Kiln process, drying and most of the oxidation is accomplished in a
stationary pellet bed. Thereafter, pellets are loaded in a rotary kiln for sintering.
This way, more homogenous induration in pellets is achieved. A flow scheme for
the Luossavaara-Kiirunavaara AB (LKAB, Sweden) Kiruna pelletizing plant
(KK3) utilizing the Grate Kiln process, is shown in Fig. 1. General outlines of the
process are given below.

Agglomeration is started by grinding and upgrading the iron ore concentrate to the
desirable chemical quality and to a particle size distribution suitable for balling.
Cleaning of the magnetite ore is done by magnetic separation. The LKAB Kiruna
ore contains some apatite and, therefore, cleaning of the magnetite concentrate is
completed by flotation. The magnetite concentrate slurry is then mixed with
additives and filtered. Balling is done in large balling drums using water together
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with an external binder as a binding media. The green pellets are screened to
separate the production size fraction (9 to 16 mm in diameter) for induration. The
under-size fraction (<9 mm) is returned to the balling drums as seeds. The
recycling loads in balling circuits are usually large, about 1.2 - 2.0 times the
amount of fresh feed. The over-size fraction is usually crushed and returned to the
balling drums. The production rate in one balling circuit at the KK3 pelletizing
plant is typically around 180 t/h. The agglomerates are called
they are sintered in the kiln and become

A narrow size distribution in green pellets is an important criterion for the pellet
quality, because high permeability in a bed of pellets is beneficial for both the
pellet production process and the subsequent reduction process in steelmaking. In
practice, variations occur in the properties of the incoming pellet feed, like
moisture content, fineness and wettability, which result in fluctuations in the
green pellet growth rate and size distribution. Disturbances in balling give rise to
increasing recycling loads and pulsation in the production rate of the on-size
green pellet fraction (surging). Excessive surging causes problems not only in the
balling circuits but also in the induration machine. Disturbances in the pellet size
distribution are regulated either mechanically, by adjusting the screen openings
for the recycling load or for the on-size fraction, or
varying the moisture content or the binder dosage. Increasing the binder dosage is
known to decrease the green pellet growth rate, making the pellets smaller, while
increasing the water content results in an opposite effect.

Wet green pellets are loaded on a travelling grate with a bed height of 23 cm. This
bed of wet green pellets is transported through the drying zones, the updraft
drying (UDD) and downdraft drying (DDD) zones. After the drying zones the
upper part of the pellet bed is dry and warm, around 250oC, while the bottom of
the bed is still partly humid. The travelling time through the UDD and DDD
zones is typically 6 minutes. After drying, the bed of green pellets is transported
through the temperate preheat zone (TPH) and the preheat zone (PH), where the
main part of magnetite oxidation takes place. The gas temperature at the end of
the PH zone is around 1150 to 1250oC. The gas flow rate is in the order of 6 m/s
and the oxygen content of the incoming gas is 16 to 18%. The travelling time
through the TPH and PH zones is 6 to 7 minutes. During this time, the upper part
of the pellet bed is heated up to the gas temperature, while the bottom of the pellet
bed barely reaches 1000oC. After passing through the PH zone the pellets are
transferred to a rotating kiln and sintered at around 1250oC. Little or no oxidation
takes place in the kiln, due to the high temperature. Even some dissociation of
hematite back to magnetite can occur. Final oxidation of the sintered pellets takes
place in the annular cooler. Thereafter, the pellets are ready for transportation to
steelmaking plants.



11

1.2.1 Green pellet compression strength

In wet agglomerates, the liquid acts as a binder. Wet agglomerates can exist in a
number of different states depending on the amount of the binder liquid present.
These were first described by Newitt and Conway-Jones [1] and are also shown in
a recent review by Iveson et al. [2], see schematic drawing in Fig. 2. Liquid filling
degree or liquid saturation ( ) describes the portion of the pore volume which is
filled with the binder liquid and is calculated from Eq. (1).

1
100
100

(1)

where = liquid filling degree, = moisture content by wet weight, = fractional
porosity and = density for particles and water, respectively.

At low saturations, the particles are held together by liquid bridges (pendular
bonds, pendular state). In the funicular state, both liquid filled capillaries and
liquid bridges co-exist. In the capillary state, all capillaries are filled with water
and concave surfaces are formed in the pore openings due to the capillary forces.
The droplet state occurs when the agglomerate is kept together by the cohesive
force of the liquid. In the pseudo-droplet state unfilled voids remain trapped
inside the droplet. A common feature for the earlier published descriptions is that
in the capillary and droplet states, either concave capillary openings or free
superficial water, over the whole agglomerate outer surface are expected.

The capillary theory for wet agglomerate strength is well established and
described in textbooks dealing with agglomeration of iron ore [3-6]. It applies to
particle systems with a freely movable binder, like water. The capillary theory
explains the agglomerate wet strength in terms of the liquid filling degree, as
shown schematically in Fig. 3. This figure describes the agglomerate behaviour
during drying (drainage). During wetting (imbibition), the behaviour would be
different.
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According to the capillary theory, the agglomerate wet strength reaches a
maximum at the capillary state. This takes place at around 90% liquid filling
degree. The agglomerate strength at this point is given by the so called Rumpf
equation, Eq. (2) [7]. It states that the tensile strength of a wet agglomerate
increases with decreasing porosity and particle size and with increasing surface
tension. Complete wetting is necessary for fully developed capillary forces.

cos
11

(2)

Where = green pellet wet tensile strength due to the capillary forces, =
constant, = fractional porosity, = liquid surface tension, = average particle
size, = liquid-solid contact angle.

The capillary forces are much stronger than the pendular bonds. The agglomerate
strength with fully developed liquid bridges (at = 30%) is only about one third
of the maximum strength. In the funicular state, where binding takes place by
both the pendular bonds and the capillary forces, the agglomerate strength can be
estimated from the relative amount of filled capillaries. At =100%, flooding
takes place and the agglomerate deforms under its own weight.

Recently, Iveson et al. [2] reviewed the nucleation, growth and breakage
phenomena in agitated wet granulation processes. The Rumpf equation (Eq. 2)
has been found to over-predict the agglomerate strength. For coarse particulate
systems, the over-prediction has been explained by crack growth along pore
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structures [2]. For fine particulate systems (dicalcium phosphate, 21
diameter), the over-prediction takes place because the maximum strength has
been found to occur already at 20 to 30% filling degree [8]. At higher liquid
filling degrees the strength decreases rapidly. This is explained by a difference in
the main binding force. In fine particle systems, inter-particle friction forces
dominate over the capillary forces [2,9]. As the liquid filling degree increases, the
lubricating effect of the liquid layer between particles reduces the frictional forces
and the agglomerate becomes weaker. In coarse particle systems, the inter-particle
friction forces are considered to be insignificant and the capillary forces prevail.

The influence of surface tension on wet agglomerate strength according to Eq. (2)
has been verified by balling iron ore with water-alcohol mixtures [1,6(Fig. 72)].
The agglomerate wet strength decreased with decreasing surface tension in the
binder liquid. A similar effect was seen by Kristensen et al. [9], who studied the
strength in agglomerates prepared from lactose, dicalcium phosphate and glass
spheres with an aqueous polymer solution as a binder ( 47 mN/m).

An increase in the agglomerate wet strength with decreasing particle size in the
raw material according to Eq. (2) was originally verified by Rumpf [7], who
studied agglomerates made of narrowly sized limestone powders. Water was used
as a binder liquid. Meyer [4] showed a linear increase in wet compression strength
(wet-CS) in hematite green pellets with increasing specific surface area, see Fig.
4. Unfortunately, the author does not define an eventual use of external binders or
the moisture content in green pellets.
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Urich and Han [10] showed an increase in wet-CS of hematite green pellets with
increasing raw material fineness, see Fig. 5. The green pellets were balled at a
constant moisture content and with 0.5% bentonite binder. The variation in
fineness was very large, from 45 to 99% -44 much larger than normal process
variations expected in a pelletizing plant. When looking at the whole measuring
range in fineness, the increase in wet-CS with increasing fineness is clear.
However, in the midrange, near to more common fineness in iron ore pellet feeds
(between 65 and 90% -44
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Tapia et al. [11] found that green pellet wet strength increased from 0.64 to 1.76
daN/pellet when the fineness of the magnetite concentrate raw material was
increased from 79 to 100% -38 cm2/g in Blaine). As the
raw material became finer, the moisture content in green pellets decreased from
8.5 to 7.0%. The authors do not mention possible use of binders in balling.

The dependency of pellet wet-CS on porosity according to Eq. (2) has been
experimentally shown by preparing agglomerates from silica sand [1] and glass
spheres [6, Fig.73]. No experimental data on iron ore green pellets specifically,
was found. However, wide particle size distributions are claimed to lead to
stronger agglomerates [2,3-6,12], because packing of such materials tends to
result in lower porosity. When large (L) and small (S) particles are mixed in
different proportions, a porosity minimum occurs when the mixture contains
about two thirds of the large particles, see Fig. 6 [13]. The larger the size
difference between the large and small particles, the more distinct becomes the
minimum in porosity. At the minimum porosity, the mixing ratio is such that the
amount of small particles is just enough to fill the spaces formed between the
large particles. If the amount of small particles is smaller, unfilled spaces remain.
If the amount of small particles becomes larger, they start disturbing the packing
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of the large particles and the packing pattern becomes one of large particles being
packed in a matrix of small particles.

No experimental studies to validate the dependency of agglomerate wet strength
on variations in the liquid-solid contact angle in Eq. (2) were found. This is
probably because in practice, it is difficult to vary the contact angle independently
without influencing the surface tension. Complete wetting has generally been
assumed ( = 0 cos = 1). However, Iveson et al. [14,15] report contact
angles from 30 to 70 gglomeration of iron
ore concentrates cleaned by flotation has been recognized as a problem. Iwasaki
et al. [16] found that balling of iron ore concentrates in the presence of a fatty acid
flotation collector reagent resulted in weaker green pellets both in wet and dry
states. They found that an addition of activated carbon effectively restored the
green pellet properties. Gustafsson and Adolfsson [17] also report that balling of
flotated pellet feeds resulted in weaker green pellets (lower drop number),
increased circulating loads in the balling circuits and increased generation of fines
during induration. The negative effects were explained by a combination of
decreased surface tension in the water phase and by adsorption of the collector
reagent on magnetite. The amount of rest reagent on magnetite was analyzed and
varied between 10 and 30 g/t. The authors conclude that the scope of problems in
balling decreased when the temperature in flotation was increased.

The Rumpf equation (Eq. 2) describes, strictly speaking, the strength of
agglomerates. The measurement of tensile strength is, however, very time-
consuming and cannot be applied to a large number of pellets in a similar manner
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as is applicable in the compression strength measurement. The compression
strength is always larger than the tensile strength, because the compression force
needs to overcome the friction between particles [7]. Rumpf [7] found a non-
linear relationship between these two forces. Ball et al. [3, p.262] suggest that the
compression strength should be calculated by dividing the compression force by
the cross-section area of the pellet. Other writers claim that this kind of
calculation is not scientifically valid, because the pellet is exposed to a point load.
Further, during compression, a small variable portion of the pellet is often
squashed flat at the point of contact forming a flat platform which distributes the
load [7, in prepared discussion]. A true point contact no longer exists and a wide
scatter in pressure readings can result from relatively small variations in local
pellet topography. This problematic issue is generally solved by using a screened
size fraction of green pellets in the compression strength measurement and by
expressing the compression strength in daN/pellet [4, p.80]. This approach is used
at LKAB, too. In large-scale iron ore pelletization, wet-CS above 1 daN/pellet and
dry-CS above 3 daN/pellet are commonly considered satisfactory [3,4].

As mentioned earlier, the capillary theory was developed for particle systems with
freely movable binders, like water, and viscosity effects are not included in this
model. Today, viscous binders are used in iron ore pelletization. A large variety of
binders have been tested [18]. Their positive effect on green pellet quality and
pelletizing capacity in the sintering machine is well known. The most common
binder is the bentonite clay. The amount of bentonite added is typically between
0.5 and 0.7%. Bentonite swells when mixed with water and increases the viscosity
of the water phase. The influence of bentonite binder on the green pellet wet-CS
and dry-CS, according to Meyer [4], is shown in Fig. 7. In magnetite green
pellets, both wet-CS and dry-CS increased with increasing bentonite dosage. The
mechanisms for the increase in wet-CS have not been discussed in earlier
literature. The favourable effect of bentonite for dry-CS is explained by bentonite
being concentrated in particle contact points during drying. During the final
evaporation of the bentonite gel, solid mortar bridges are formed with increasing
dry-CS as a result [4, p. 112]. The dehydration of bentonite gel is also claimed to
be accompanied by a shrinkage which increases the adhesion forces [4, p.36].
According to Pietsch [6], the rate of drying influences the distribution of bentonite
flakes in green pellets and dry-CS. Kawatra and Ripke [19,20] have found that
bentonite clays form fibrous structures under compressive shear, which results in
an appreciable increase in green pellet strength.
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1.2.2 Green pellet plasticity

Iron ore green pellets show both plastic and elastic behaviour. Plastic deformation
occurs, for example, due to the load of above-lying green pellets in a static bed of
green pellets on a conveyor belt or on the grate. An increase in green pellet
plasticity leads to decreased bed permeability in the drying zones. This is
detrimental for the fast drying sequence and for the oxidation of magnetite to
hematite. Plastic deformation also takes place during rolling and facilitates the
green pellet consolidation and growth [1,9,11]. Beale et al. [21] connected a
compression strength test device to a high-speed recorder and showed an example
of two extreme green pellets with the same wet compression strength but with
very different plasticity. Sportel et al. [22] built an instrument to measure
plasticity in green pellets. They report that plastic deformation was strongly
dependent on both the amount of moisture and the bentonite content. However, as
the bentonite dosage was increased, the moisture content considerably increased
as well. Therefore, the measured increase in deformation could have been due to
the increase in moisture, as well. Schubert et al. [23] showed that plasticity in
agglomerates increased as the liquid filling degree increased. Iwasaki et al. [16]
reported increased plasticity in green pellets when the pellet feed was treated with
a fatty acid flotation collector reagent.

Elasticity in green pellets is generally believed to be important for green pellet
durability during loading from one conveyor belt to another [3-6]. It is also
expected to be relevant for green pellet resistancy during bouncing in the balling
drum [2]. The green pellet impact strength is usually described by the drop
number, the number of drops from a given height before breakage. Iveson and
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Litster [24] found that increasing binder viscosity increased the extent of elastic
deformation in wet granules made of glass spheres. This is in good agreement
with iron ore green pellet behaviour, because the drop number is known to
increase with the amount of bentonite added [4, p.114].

1.2.3 Ballability

Ballability is defined as the ability of particulate matter to form pellets [6, p. 12].
The main parameters for good ballability in iron ore pellet feeds are the fineness
of the raw material, the moisture content in balling, binder dosage and good
wetting of the particles. Raw material fineness in balling is commonly expressed
using the specific surface area measured with the Blaine permeability method.
The Blaine apparatus and measuring principle are shown by e.g. Ball et al. [3,
p.270]. The Blaine values are expressed in cm2/g. At LKAB, the specific surface
area is measured with a similar permeability method described by Svensson [25].
It is called as the KTH-surface area and the results are given in cm2/cm3. The
KTH-surface area and Blaine values show a linear relationship [26]. KTH-surface
area values can be converted to Blaine by dividing by particle density (typically
5.12 g/cm3 for LKAB magnetite concentrates).

Meyer [4, Fig.46] collected data on running conditions from sixteen different
pelletizing plants regarding raw material fineness. He found that the relative
uniformity in Blaine values was striking; all pellet feeds showed Blaine values
between 1,500 and 2,000 cm2/g. The screening fraction %-45 m underwent
greater variations (70 to 95%). At LKAB, the minimum specific surface area for
good ballability is considered to be somewhere around 9,500 cm2/cm3 (1,900
cm2/g). This figure is based on practical experience, but the exact behaviour in
balling with coarser raw materials is not well documented. Reasons for deviating
balling behaviour are difficult to verify in full production scale because of the
complex nature of the balling process.

Each raw material has an optimum moisture content for balling [3-6]. It depends
on the particle size and the particle size distribution, inner porosity in particles,
surface roughness and wettability of the solids [6, p.167]. According to Meyer [4,
p.105], these parameters often overlap in a complex manner and, therefore, the
optimum moisture content cannot be clearly defined. The optimum moisture
content increases with increasing fineness. Meyer [4] showed the influence of
moisture content on wet-CS and drop number in green pellets prepared from
magnetite concentrates with varying fineness, see Fig. 8. Wet-CS showed a broad
maximum and the maximum value became higher when the raw material became
finer. The maximum wet-CS values were throughout very high, 2.3 daN/pellet for
the coarsest material (1,100 cm2/g, approx. 5,600 cm2/cm3) and 3.8 daN/pellet for
the finest raw material (3,370 cm2/g, approx. 17,300 cm2/cm3). Eventual use of
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external binders is not specified. The moisture content resulting in maximum wet-
CS showed quite small differences (from 6.7 to 7.1%) in relation to the large
differences in specific surface areas.

Although the very large influence of the moisture content on ballability is well
recognized in practical balling, the concept of optimum moisture content (or
material specific moisture content) has not been defined in terms of theory.
According to Ball et al. [3, p.260] the optimum moisture content in balling takes
place when a concave water meniscus is formed in every surface pore; i.e., the
capillary forces are fully developed and wet-CS shows a maximum. That would
be contradictory because in the capillary state there is no free water on the green
pellet surface, which is known to be a pre-assumption for green pellets to grow.
Meyer [4, p. 265] refers to liquid filling degree between 80 and 90% as optimal.
Pietsch [6, p. 172] reports that a liquid filling degree between 80 and 95% was
found optimal for the operation of a granulation disc. Because the optimum
moisture content is known to depend on the fineness of the raw materials, it seems
contradictory to use a constant moisture content in balling when comparing the
properties of green pellets prepared from raw materials of different fineness, as
was done by Urich and Han [10].
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Both the moisture content and the bentonite dosage are well known to influence
the green pellet growth rate [e.g. 27]. Increasing the moisture content increases
the green pellet growth rate and increasing the bentonite dosage has an opposite
effect, see Fig. 9. The figure shows the large sensitivity of pellet growth rate to
variations in the moisture content. Small adjustments can be made by changing
the bentonite dosage. Sastry and Fuerstenau [27] introduced the concept of
ballability index ( ), shown in Eq. (3). The ballability index considers the water
balance in terms of decreases with increasing
additions of bentonite.

(3)

where
total mass of moisture, y one gram binder
and B = bentonite dosage.
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Oxidation of magnetite to hematite is a highly exothermic reaction (Eq. 4).

4 FeO Fe2O3 + O2 = 6 Fe2O3 -119 kJ/mol magnetite (4)

Oxidation of magnetite concentrate particles with increasing temperature shows
three main steps (see TGA curves later in Fig. 69). The first oxidation step runs at
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low temperatures, below 400oC. Thereafter, the second oxidation step starts and
leads to complete oxidation between 900 and 1100oC [28]. The third step starts
when dissociation of hematite back to magnetite is initiated. According to the
phase diagram [29, Fig. 3.6], dissociation starts at 1457 in O2 and at 1392
air. The dissociation of hematite has been reported to start at lower temperatures
when basic additives are present [4, p.154]. This was first explained by a
temperature rise inside pellets due to the exothermic heat of formation of calcium
ferrites and their additional melting heat, which would bring about an over-
heating in the pellet core to temperatures exceeding 1400
showed, however, that the formation of solid solutions with the hematite phase
activates the dissociation of hematite back to magnetite several hundred degrees
centigrade earlier than in a pure hematite phase. Of the studied additives, the
starting temperature for dissociation was lowest with MgO additions [31].

In view of current knowledge, the low-temperature oxidation of colloidal
magnetite particles produces -hematite, also called maghemite, as the only
oxidation product at temperatures below about 500oC [32,33]. Like magnetite, -
hematite is magnetic. Heating above 500oC converts the -hematite to -hematite.
In the case of larger magnetite particles, it is now generally agreed that a step-
wise oxidation mechanism takes place [32,34,35]. Low-temperature oxidation
starts by initial formation of -hematite followed by a spontaneous nucleation of

-hematite arising from increasing structural stress in the -hematite phase. After
nucleation, the low-temperature oxidation proceeds with -hematite as the only
oxidation product.

Oxidation of magnetite particles to -hematite at intermediate temperatures starts
by the formation of hematite needles (lamellae) at particle surfaces. This is
because oxidation starts parallel to the closed packed planes in magnetite and the
{111} planes in magnetite are transformed to {1000} planes in hematite [36,37].
The distance between closed packed planes is greater in hematite than in
magnetite (0.687 and 0.485 nm, respectively), which implies that perpendicular
growth is halted because of a shortage of space. The needles grow fast in length
but widen slowly. According to Bentell and Mathisson [37], the hematite needles
are formed due to diffusion of Fe2+/Fe3+ ions in the magnetite phase. The diffusion
rate can be affected by dislocations, vacancies and impurities, i.e. the properties of
the magnetite mineral [3, p.325]. At the particle surfaces, Fe2+ ions lose one
electron to surface adsorbed oxygen, so that Fe3+ and O2

- ions are formed. The
Fe3+ ions return to most favourable sites of the hematite crystal being formed,
while diffusion of O2

- ions is only possible to a limited extent along the hematite-
magnetite crystal boundaries [37]. When the magnetite particles become covered
by a thin layer of hematite, the oxidation rate decreases. This is because diffusion
in the hematite phase is limited by the high stoichiometry in the hematite
structure. At higher temperatures, fast diffusion through the hematite shell
becomes possible. At higher temperatures structural stress due to the volumetric
changes caused by oxidation is expected to open up the structure for the diffusion
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of oxygen, as well. This increases the driving force of oxidation and allows for
further growth of the lamellae [37].

Niiniskorpi [38] found differences in the oxidation pattern in magnetite particles
at different process stages. Oxidation to hematite lamellae was favoured during
oxidation in the TPH-zone and in the cooler, while oxidation to single hematite
crystals was favoured in the kiln.

Monsen [39] studied the kinetics in oxidation of Sydvaranger magnetite in
samples with particle sizes between 74 and 100
blown together with air into a hot reactor and then purged out after up to 60
seconds oxidation time. The studied temperature range was between 400 and
850 s was found.
The rate of oxidation followed the parabolic rate law, except during an initial
period of around ten seconds, see Fig. 10. The maximum conversion was 42%
after 60 seconds at 850

For the pelletizing process, oxidation at high temperatures, above 900
main interest. More than two thirds of the total energy needed for sintering at the
LKAB pelletizing plants comes from the oxidation reaction. High-temperature
oxidation of magnetite concentrate particles can essentially differ from
the behaviour registered for clean powders, because in pellets the magnetite
particles are in near contact with the bentonite binder and the additives mixed in
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pellet feeds. In pellets, porosity influences the diffusion rate of oxygen and the
oxidation rate can be retarded by both sintering and slag formation. Therefore, a
separate literature overview covering the oxidation and sintering in pellets is
provided.

The oxidation of magnetite iron ore pellets is an important issue for several
reasons. The vast importance of the liberation of the oxidation energy for the total
energy balance in the pelletizing plant has already been mentioned. Oxidation of
magnetite also leads to strong bondings in contact points [40,41], see Fig. 11. This
decreases the generation of dust when pellets are loaded into kiln. Constant level
of oxidation in magnetite pellets is also of importance for the process stability.
Variations in the degree of oxidation in pellets leaving the PH zone lead to
fluctuations in the amount of oxidation taking place in the cooler and in the
temperature of the recuperated air (see the process flow scheme in Fig. 1).

The oxidation pattern and the thermal history of magnetite pellets also influence
the final pellet quality. The so-called duplex structure, with a more heavily
sintered core pulling away from the less sintered outer shell, was described in
literature as early as the 1950s [40-42]. The duplex structure forms because, in the
pelletizing process, only the outer shell of pellets is oxidized before the sintering
temperature is reached and the magnetite core shrinks more than the hematite
shell [40-42]. A distinct concentric oxidation front between the oxidized outer
shell and the non-oxidized core has been reported in pellets oxidized at
temperatures above 1000oC [41-43]. Structural stress and in extreme cases,
concentric cracks, form along the oxidation boundary. One solution to avoid
duplex structures would be complete oxidation of pellets before sintering is
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started, as suggested by Cooke and Stowasser [42]. They called this process
double firing. Ilmoni and Uggla [40] found that the degree of oxidation needs to
be at least 80% in pellets leaving the PH zone to get acceptable strength in pellets
after firing. According to Haas et al. [45], enriching the oxidizing gas in the PH
zone to around 30% oxygen and controlling the speed of temperature rise in the
PH zone to be below 150oC/min would improve the pellet quality.

Several comprehensive studies on oxidation mechanisms in magnetite iron ore
pellets have been published starting from the early 1950s [28,40-49]. The
influence of partial pressure of oxygen [28,43], pellet porosity [43], pellet size
[28,40,45], magnetite concentrate fineness [43] and calcining [49] on the
oxidation of pellets has been described. Oxidation of the outer shell of pellets is
fast and controlled by the rate of the chemical reaction [43,46]. After the fast
superficial oxidation, the oxidation rate is claimed to be controlled by the
diffusion rate of oxygen through the growing product layer [43,46,50]. Some
examples of oxidation curves measured by Zetterstr 8] for pellets prepared
from Scrub Oak magnetite and oxidized isothermally in air are shown in Fig. 12.

.

Zetterstr 28] found that the time needed for oxidation is largely dependent on
the partial pressure of oxygen, which is the driving force for diffusion. The time
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needed for 80% oxidation at 900 as a
function of the partial pressure of oxygen is shown in Fig. 13. Below 10% O2 in
the oxidizing gas, very long oxidation times were measured. The measurements
were made by first heating the sample to the oxidizing temperature in nitrogen
atmosphere and then turning on the oxidizing gas. Porosity in pellets was not
given by the author. Similar results were obtained by Papanastassiou and
Bitsianes [43].
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The influence of porosity on the oxidation rate in pellets was studied by
Papanastassiou and Bitsianes [43] using pellets prepared by compaction instead of
rolling, see Fig. 14. The time needed for 80% oxidation increased when porosity
decreased. The pelletizing raw material was a very finely ground magnetite
concentrate with 100% - 31 The studied range in porosity was very large,
between 23 and 42%. This large variation was obtained partly by using different
compression force in the mould and partly by pre-heating the samples at 1250oC
in nitrogen for 30 minutes before oxidation, to cause additional shrinkage. Iron
ore green pellets normally show porosity values between 30 and 35%. Within this
relatively small range of variation, the influence of porosity seems to approach
experimental errors. Preparing the pellets by compaction instead of rolling could
influence the pore structure and the oxidation rate, as could pre-heating at
sintering temperatures (1250 .
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The time needed to obtain a given degree of oxidation in pellets has been found to
be directly proportional to the square of the diameter of the pellet [40,45]. If the
pellet size is doubled, the oxidation time would be four times longer. These
results are based on isothermal oxidation measurements at quite high
temperatures, at 1230
oxidation reaction could also be retarded by dissociation [30,31].

Very limited data regarding the influence of magnetite concentrate fineness on the
oxidation rate in pellets was found in earlier literature. Zetterstr 28] showed
oxidation curves for pellets balled from two different magnetite concentrates,
artificially prepared to similar fineness. Only oxidation at 700oC was measured.
The conclusion was that particle size accounts only for a part of the measured
difference in oxidation rates. Porosity in the studied green pellets was not
mentioned.

Although the oxidation and sintering phenomena show complex interdependency
during the formation of duplex structures, only a few dilatometer studies on
magnetite iron ore pellets have been published [28,40,45]. Contraction in pellets
during oxidation [28,45] and incipient sintering at 900oC have been reported
[40,45]. Ilmoni and Uggla [40] showed that at 1230
phase was about 1.4 times greater than in the hematite phase. They also showed
that shrinkage in pellets increased with increasing specific surface area in the
magnetite raw material. The degree of shrinkage was dependent on the time the
pellet was exposed to sintering temperatures.

Linear thermal expansion for both magnetite and hematite crystals during heating
from 20 to 400 has been measured to be 0.4% [51]. Linear thermal expansion
in magnetite during heating from 20 to 1000
[51]. For hematite, values for thermal expansion at temperatures above 400
were not found.

Most of the earlier work has been directed towards measuring the isothermal
oxidation rate in pellets. Some principally different experimental set-ups have
been applied which could influence the obtained results. One method is to allow
the sample to reach the desired isothermal temperature under non-oxidizing
atmosphere before the oxygen containing gas, most often air, is turned on
[28,43,47]. This method is truly isothermal but there are two drawbacks, both of
which tend to decrease the measured oxidation rate. First, the oxidizing gas is
diluted by the inert gas in the beginning of the oxidation experiment [26] and the
initial rate of oxidation becomes too low. Secondly, if this method is used at
temperatures above 800oC, sintering would take place before oxidation and
suppress the oxidation rate. Also, the degree of sintering would be dependent on
the time used for pre-heating. Differences in the pre-heating time would make the
oxidation results non-comparable. Another method that has been used is to pre-
heat the sample at around 500oC before measuring the oxidation rate [45].
This was regarded as justified, because the extent of oxidation in temperatures
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below 500oC was considered too small to be relevant for the subsequent
pelletizing process. However, in magnetite pellet concentrates of typical
pelletizing fineness as much as 10 to 25% of all oxidation can take place already
at temperatures below 400oC [28]. Finally, if no heat pre-treatment is done before
registering the oxidation weight gain [46], any loss of weight, like calcining and
especially the dehydration of the bentonite binder, would take place during the
oxidation period and diminish the measured weight gain. Bentonite contains both
free water (about 10%) and structurally bound water (about 10%), which is lost
between 500 and 800oC.

Because of the largely exothermic nature of the oxidation reaction (Eq. 4), a
temperature rise inside the pellet during oxidation can be expected. Temperature
differences between the pellet outer surface and the pellet core of 100oC in
magnitude have been reported [40,42,48]. Papanastassiou and Bitsianes [43]
pointed out that pellets oxidizing in a bed of similarly-reacting pellets face
another thermal environment than a single pellet being oxidized in a combustion
tube furnace. In the combustion tube furnace, if the pellet surface temperature
rises through oxidation, it can lose heat to the gas stream which acts as a heat sink
at the furnace operating temperature. In a bed of pellets, a similar situation would
raise the gas temperature.

The properties of iron ore green pellets are of vast importance for the pelletizing
process, as visualized in Fig. 15. Green pellet properties not only influence the
productivity in balling through the pellets mechanical strength, but also influence
the oxidation and sintering mechanisms during induration.

The existing theory to describe the strength of wet iron ore green pellets is based
on the capillary theory. It describes the interaction between the raw material
properties (like fineness) and the balling conditions (like moisture content). The
raw material properties originate from the concentrating plant while the balling
conditions are regulated at the pelletizing plant. For practical process control, the
mutual interdependency of these parameters needs to be understood. The
applicability of the capillary theory on balling under industrial conditions is
unclear. This uncertainty in the prevailing binding mechanisms tends to restrict
further process development at both the pelletizing and the concentrating plants,
because the consequences of process changes for agglomeration are difficult to
predict. A number of full-scale and pot grate tests have been carried out at LKAB
during the past years to quantify the influence of raw material parameters on the
agglomeration process. The results have, however, been unclear, probably
because of several contemporary changes. Also the available measuring methods
for the characterization of green pellet properties have been insufficient.
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One of the key parameters influencing the behaviour of iron ore green pellets is
the raw material fineness. In the capillary theory, the raw material fineness is
considered as a parameter controlling the green pellet mechanical strength. In the
case of magnetite iron ore concentrates, however, raw material fineness influences
the oxidation and sintering mechanisms, as well. Raw material fineness can
influence the oxidation and sintering patterns either directly through a change in
the actual particle size, or, indirectly through variations in green pellet porosity.
The capillary theory claims that wet agglomerates should be strongest when the
porosity in green pellets is low, but low porosity would not be beneficial for the
oxidation process. These interactions are not sufficiently well understood and
needed to be studied further.

The aim of this study has been to clarify the principal mechanisms controlling
iron ore green pellet behaviour during balling, oxidation and sintering when
variations in raw material properties and balling conditions occur. Special
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attention has been paid to variations in the raw material fineness. The approach
chosen in this study was to further develop the laboratory methods used in green
pellet characterization. In laboratory, the experiments can be done under well-
controlled and repeatable conditions. This kind of knowledge of the principal
mechanisms provides a sound basis for a successful process control strategy.

The scope of the seven articles included in this thesis is outlined in Fig. 15.
Porosity in green pellets is a common parameter for balling, oxidation and
sintering. The existing porosity measurement needed to be further improved
(Article I). The existing instrument that was used to measure the green pellet
compression strength was inaccurate and the results were operator-dependent.
Therefore, a new modern measuring instrument was developed and new
parameters for the characterization of green pellets were introduced (Article III).
Thereafter, binding mechanisms in wet green pellets as a function of the moisture
content and the bentonite binder dosage were studied (Article III). Also the
influence of raw material fineness and additions of a flotation collector reagent on
green pellet strength were studied (Articles IV and V).

The oxidation studies were started by examining in detail the non-isothermal
TGA curves for magnetite particles (Article II). Thereafter, the influence of the
fineness of the olivine additive on oxidation of magnetite particles was studied
(Article VI). And finally, mechanisms in oxidation and sintering of green pellets
in relation to variations in magnetite concentrate fineness and green pellet
porosity, were studied (Article VII).
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Magnetite pellet concentrate samples were collected from the LKAB
(Luossavaara-Kiirunavaara AB, Sweden) Malmberget (MPC), Svappavaara (SPC)
and Kiruna (KPC) concentrating plants. They typically contain 71% Fe, 23% Fe2+

and 0.6% SiO2. MPC is produced from the Malmberget magnetite ore and ground
in ball mills in three stages, in open grinding circuits. SPC is produced using a
certain fraction of the magnetite ore from the Kiruna mine. The last grinding step
at Svappavaara is done in a pebble mill connected to a spiral classifier. KPC is
produced from the Kiruna ore and ground in closed circuit with hydro cyclones
and, therefore, the particle size distribution is narrower than that of MPC and
SPC. To reach the target of around 10,000 cm2/cm3 in specific surface area in the
pellet feed, MPC needs to be ground to 68% -45 -45
KPC to 85%-45
layout, but also because less fines is created from the Kiruna ore compared to the
Malmberget ore [unpublished data]. The moisture content in balling is typically
8.0% for MPC, 9.0% for SPC and 9.2% for KPC.

To study the influence of variations in magnetite concentrate fineness on green
pellet properties [Articles IV and VII], five MPC samples (MPC-1 to MPC-5) and
six SPC samples (SPC-1 to SPC-6) were collected from the concentrating plants
by varying the feed rate into the grinding mills. The sampling was spread over a
period of a few weeks so that the samples would also reflect some of the normal
variations in ore quality. The magnetite concentrate from Kiruna was not included
in these studies, because the influence of the flotation collector reagent (a surface-
active agent) on the agglomeration system was not known when this work was
started. Instead, the influence of additions of the flotation collector reagent was
studied separately (Article V). Particle size data obtained by screening and
cyclosizer and the specific surface areas according to Svensson [25] for each of
the materials are shown in Table 1. The samples are arranged in order of
increasing %-45
MPC-2 and SPC-3, represent typical process finenesses.

The SPC-3 sample was used to study the influence of moisture content and the
binder dosage on green pellet properties [Article III] as well as in the method
development work done to improve the reproducibility in the porosity
measurement [Article I]. A typical KPC sample was used to study the influence of
the flotation collector reagent on green pellet properties [Article V], because
flotation is only applied at the LKAB Kiruna concentrating plants. Particle sizing
data for this KPC sample is given in Table 1. The KPC and MPC samples, which
were used to study the oxidation of magnetite concentrate powders during storage
and drying [Article II], were of typical process fineness.
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Spec. surface Cyklosizer Screening
area -7 -13 -26 -45 -63 -90

cm2/cm3
% % % % % %

MPC-1 9491 16.5 29.2 49.0 66.1 77.5 88.5
MPC-2 10038 17.2 31.3 52.2 68.8 80.3 90.5
MPC-3 10774 18.8 34.1 55.8 71.7 81.7 91.3
MPC-4 11606 20.8 36.5 58.5 75.4 84.9 93.3
MPC-5 12386 20.3 37.0 59.9 77.2 86.7 94.7

SPC-1 9404 16.1 30.0 52.3 71.4 82.0 90.3
SPC-2 9747 16.4 31.1 54.4 74.9 86.0 94.2
SPC-3 10089 17.2 31.1 53.4 75.2 84.7 93.4
SPC-4 10184 16.0 30.4 53.6 75.3 85.9 94.5
SPC-5 10450 17.2 32.8 57.7 78.1 88.0 95.5
SPC-6 11000 18.5 34.5 59.9 80.1 90.0 96.3

KPC 9918 17.4 34.2 60.9 84.4 94.0 98.5

The influence of olivine fineness on the oxidation of magnetite particles was
studied by mixing olivine ( ) with the SPC-3 magnetite
concentrate [Article VI]. The
high magnesium content, typically 48% MgO, 42% SiO2 and 5% Fe. The olivine
lumps were first crushed to a fineness of 95% -12 mm and then ground further at
the LKAB pilot plant using several different grinding circuit lay-outs, with either
rod mill or ball mill grinding. Some of the rod mill ground products were also de-
slimed. The slime products were also characterized and studied. Detailed particle
sizing data for the olivine products is given in Article VI.

Bentonite was used as a binder in balling. The bentonite showed an Enslin value
of 580% (after 2 h) and a fineness of 94% -75
overnight at 105oC and stored in a desiccator before balling. Normally, a dosage
of 0.5% was used, unless otherwise stated.

The flotation collector reagent, Atrac 1563 (Akzo Nobel, Sweden) used in Article
V, is a mixed anionic collector consisting of a main collector, a co-collector and a
foam regulator. It consists to about 95-98% of surface-active compounds and
contains 2-5% organic compounds such as maleic acid and glycol derivates.
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In the iron ore industry, small-scale balling is commonly called as micro-balling.
When this research work was started, efforts were made to improve both the
working methods in micro-balling and the instrumentation used to characterize
the green pellet properties. The development work on instrumentation is described
in the Results chapter.

Micro-balling was done in 7-kg batches of filtered material with about 6%
moisture content. The moisture was adjusted in two steps. First, it was adjusted
0.5%-units below the target moisture content. The batch was allowed to stand in
an acclimatization cabinet at 80% relative humidity and 40oC for two hours. As
the raw material was colder than the humid air, some moisture condensed on the
particles. This treatment attempted to achieve effective wetting of the particles
and to temper the material before balling. The batch was then allowed to stand at
room temperature for about half an hour. Thereafter, an accurately weighed
amount of dried bentonite and the rest of the water were mixed with the magnetite
concentrate using a laboratory mixer (Eirich R02, Germany).

Balling was done in a drum corresponding to a 0.15-m wide slice of a balling
drum. The diameter of the drum was 0.8 m. The rotation speed was 37 rpm when
preparing the seeds and 47 rpm when balling the green pellets. Balling was done
in three steps. First, the dry balling drum was conditioned to relevant balling
humidity by balling a small batch of the studied material for about 5 minutes,
after which this material was discarded. Thereafter, the
the production of seeds. Seeds were produced by scattering the pellet feed in
small amounts on the rotating drum. Small amounts of tempered water were
sprayed to initiate growth. After 5 minutes, the drum was stopped and the material
was screened to obtain the 3.5 to 5 mm seeds. The amount of seeds was adjusted
to the 7-kg batch to assure that the raw material would suffice to produce a
sufficient amount of full-sized green pellets. About 150 g of the seeds was found
suitable and the seeds were returned to the balling drum. The green pellets were
allowed to grow by scattering them with fresh pellet feed. Water was sprayed
lightly when needed. The production of green pellets took 4 minutes. The green
pellets were screened to between 10 and 12.5 mm and all characterization was
applied on this size fraction.

Atrac additions described in Article V, were done by mixing it with the water
used to adjust the moisture content to its final level, i.e. after the material had
been conditioned in the acclimatization cabinet.

Variation in test values for twenty individual green pellets analyzed from the
same micro-balling batch and the repeatability between average values of ten
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parallel micro-balling batches is shown in Article III. The fairly large spread
between individual green pellets should be noticed. The spread increases when
green pellets with extreme properties are prepared (very weak, very wet or dry).
To compare green pellets with different properties, at least two replicate micro-
balling batches with each set-up are prepared and average values are used in
evaluation. This increases the amount of practical work but results in more
accurate figures for evaluation.

Iron ore green pellets are traditionally characterized by measuring wet
compression strength (wet-CS), moisture content, drop number, dry compression
strength (dry-CS) and porosity. When this work was started, the compression
strength measurements were done using a simple analogue balance. The green
pellets were placed on the pan of the balance and the balance was tared. The green
pellets were crushed one-by-one using a motorized piston and the maximum
reading was visually read from a pointer. This method was highly inaccurate and
the results showed operator-dependency. It was replaced by a modern measuring
instrument, the Pellet Multi Press, as described in the Results chapter.

Moisture content in green pellets was measured by drying overnight at 105oC and
is given by moist weight, according to standard praxis within the iron ore
industry. The drop number describes the wet green pellet strength under fast
impact. The green pellets are allowed to fall from a height of 0.45 m to a steel
plate and the breakage is visually detected. The drop number gives the average
number of drops before a fracture is observed. The drop number values are
operator-dependent. Porosity was measured using the GeoPyc 1360 measuring
instrument (Micromeritics Inc., USA). However, when this work was started,
severe problems with repeatability and measuring accuracy were found. This led
to further development of the measuring method, as described in the Results
chapter.

A Setaram TMA96 instrument was used in the dilatometer measurements. In the
TMA96 instrument, the sample is placed on a Al2O3 sample holder, which is
descended in the graphite furnace with the help of an elevator, see Fig. 16. An
Al2O3 push rod is used to detect variations in sample dimensions as a function of
the furnace temperature or time. A weight of 5 g was applied to the push rod to
get good contact with the sample. The sample temperature is measured with a
thermocouple fastened to the Al2O3 sample holder, about 3 mm from the sample.
A heating rate of 5oC/min was used. A slow heating rate was chosen to ensure that
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the temperature within the green pellet would at all times be the same as that read
from the thermocouple. Background correction was done by running a 16-mm
Al2O3 sphere with exactly the same measuring program as applied for the green
pellet samples. Dilatometer measurements were run both under non-oxidizing
(99.99990% N2) and oxidizing (16.0 0.1 % O2 in N2) atmospheres to measure
the dimensional changes in the un-oxidized magnetite pellet and in the pellet
during oxidation from magnetite to hematite. Green pellets were prepared to
constant size of 10 mm by rotating them in a 10-mm hole, stamped in a steel
plate.

The oxidation of pure magnetite leads to a weight gain of 3.455%.
Thermogravimetric analysis (TGA) was done using a Setaram 92-16
thermobalance. Nitrogen (99.99990% N2) was used as the inert gas and 10.0
0.1% O2 in N2 (Articles II, VI) or 16.0 0.1 % O2 in N2 (Article VII) as the
oxidizing gas. In this TGA instrument, the sample is suspended from the balance
and lowered into the graphite furnace with help of an elevator, see Fig. 17.
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Powder samples were measured by using open, shallow platinum crucibles with a
volume of 130 l (Articles II and VI). The sample size was 105 5 mg. Powder
samples were measured non-isothermally, using a heating rate of 5oC/min. Green
pellet samples were measured using a platinum wire-basket (Article VII). The
pellets were prepared to constant size of 10 mm by rotating them in a 10-mm
hole.

The measurement of green pellet samples was started by pre-heating the pellet to
800oC under nitrogen atmosphere for 60 minutes and then slowly cooling back to
room temperature, before starting the oxidation run. If no heat pre-treatment is
done before registering the oxidation weight gain, any loss of weight, like
calcining and especially the dehydration of the bentonite binder, would take place
during the oxidation period and diminish the measured weight gain. At 800oC in
inert gas, only normal thermal expansion takes place. The pre-heated and cooled
green pellet was then weighed and returned to the suspension device. The green
pellet weight decreased by 0.22% during pre-heating. The oxidation experiment
was started by heating the furnace to the desired temperature while flushing with
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the oxidizing gas. At this stage, the sample elevator was in the upper position with
the sample hanging outside the furnace. The sample inlet of the furnace was
closed with a plate. The oxidation measurement was started by lowering the
sample in the hot furnace. Using this method, the oxygen content in the oxidizing
gas is constant. The first part of oxidation takes place non-isothermally as the
sample temperature rises from room temperature to the furnace temperature. This
is also the oxidation pattern for pellets in the full-scale pelletizing process.

Background correction was done by running two annealed Al2O3 spheres of about
similar total weight as the green pellet. The background run showed about 1 mg
increase in sample weight, as a step-change directly after lowering the sample in
the furnace. This was subtracted from the oxidation run. This kind of background
correction does not take into account the apparent weight loss at the Curie point
[Article II]. Also, the extent of the apparent weight loss can vary, depending on
the degree of oxidation in the pellet when the Curie point is reached. Therefore,
the total oxidation weight gains obtained for pellets in these experiments are
slightly too low. These errors are marginal and do not change the interpretation of
the oxidation data.
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3.1.1 Porosity in green pellets (I)

Porosity in green pellets has been traditionally measured by measuring the pellets
volume when descended in mercury. At LKAB, the use of mercury was stopped
in 1998 and the porosity measurements were shifted over to the GeoPyc 1360
instrument (Micromeritics Inc., USA). The reproducibility in these measurements
was approximately 0.7%-units in porosity and step-wise changes in the results
were frequently observed. Because the total range of variation in green pellet
porosity is normally only about 3%-units, from 30 to 33%, development work was
started to improve the repeatability of this measuring method.

Porosity is calculated by subtracting the volume of particles from the envelope
volume of pellets according to Eq. (5).

= (Ve m / p) / Ve (5)

where = fractional porosity, Ve = envelope volume of pellets, m = sample mass
and p = absolute density of particles.

Particle density was measured using the AccuPyc 1330 instrument. It is a simple
and well-documented measuring method [52]. The reproducibility is
the nominal sample chamber volume, which gives an error of 3 in
density for magnetite concentrate powders. This error in the density determination
leads to an error of et porosity, which is negligible. However,
the particle densities tended initially to be too high and instable. This was
explained by the fact that the bentonite binder is very hygroscopic and makes the
green pellet samples susceptible to re-absorption of moisture after drying. In the
presence of rest-humidity, the error in the density measurement can appear
already in the second decimal and cause an appreciable error in the calculation of
porosity. The applied AccuPyc measuring procedure for green pellets is described
in detail in Article I.

The envelope volume of pellets was measured using the GeoPyc instrument. In
this instrument, the volume of green pellets is measured by packing the sample in
silica sand, Dry , see Fig. 18. First, the sample chamber is filled with sand only
and the sand is packed under rotating movement to a pre-defined pressure. From
the position of the piston, the volume of the sand is calculated (
measurement). Thereafter, the sample chamber is opened and the weighed sample
is added. The packing is repeated and the total volume of the sand together with
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the sample is obtained ( measurement). From the difference in volume
between the and measurements, the sample envelope volume is
calculated. Detailed information about the choice of running conditions is given in
Article I.

During the GeoPyc measurement, the sample chamber is rotated to promote the
packing of the sand. This mechanical movement was found to cause abrasion of
the green pellets. The green pellet envelope volume decreased and the measured
porosity became too low. Weak green pellets eroded more than stronger ones.
Therefore, green pellets were sprayed with a fast drying lacquer to strengthen
them before GeoPyc measurement. After spraying, the samples were allowed to
dry over night. Measurements confirmed that the lacquer-treated green pellets
showed systematically higher porosity values compared to un-treated samples.
Reproducibility for lacquered in-house reference samples was -units in
porosity (2 ). Details on the reproducibility measurements are shown in Article I.

The GeoPyc measurement was calibrated against a mercury pycnometer, see
results in Fig. 19. In the mercury pycnometer, surface irregularities down to 9
pore openings were filled with mercury. The calibration error was -units.
The sample with 0.2% bentonite in Fig. 19 was excluded from the results, because
these green pellets were very weak and tended to break in the mercury
pycnometer. The level difference between the GeoPyc and mercury measurements
was 0.9 %-units in porosity, the porosity being larger in the mercury
measurements.

In the GeoPyc instrument, a so-called conversion factor (CF) is used. This factor
is primarily used to calculate the sample volume from the position of the piston,
but can also be used to adjust the results level to a reference method. Theoretical
CF for the sample cylinder (D = 50.8 mm) is 2.037. Calibrating the GeoPyc
measurements to the same level with the mercury porosimeter changed the CF
value to 2.064. This CF value was then used in all porosity measurements.
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Due to the improvements described above, good correlation between porosity and
green pellet moisture content was obtained (Articles III and IV). Porosity also
plays a vital role for understanding the green pellets behaviour when surface-
active agents are present in the pellet feed (Article V). Understanding the
oxidation and sintering behaviour of iron ore green pellets presumes that porosity
in green pellets is known [Article VII]. These studies would not have been
possible without a reliable porosity measurement.

3.1.2 Oxidation of magnetite concentrates during storage and drying (II)

For the pelletizing process, the oxidation of magnetite concentrates at high
temperatures, above 900oC, is naturally of main interest. However, when the
oxidation studies were started, some discrepancy was found in the non-isothermal
TGA curves. Background correction by the sample itself, run under nitrogen
atmosphere, was applied because the KPC samples contain small amounts of
carbonates. After the background correction, both the KPC and MPC samples
showed higher oxidation mass gain values than expected from the chemically
analyzed Fe2+ values. In TGA curves run under nitrogen atmosphere, two broad
weight loss bands were seen between 200oC and the Curie point. Further studies
showed that the overestimation of the oxidation mass gain values was explained
partly by the behaviour of the magnetite concentrate samples around the Curie
point, and partly by oxidation of the samples that had taken place during storage
and drying. These observations led to results published in Article II. Below, first
the results showing oxidation of magnetite concentrate pellet feeds during storage
and drying are briefly reviewed, and then the consequences for the total oxidation
weight gain calculated from a TGA run are explained.
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LKAB magnetite pellet concentrates are wet ground and therefore sampled as
slurries and dried at 105oC. Because of the large amount of water, drying takes a
few days. To study possible oxidation during drying, typical KPC and MPC
samples were freeze-dried and measured in TGA by running them isothermally at
75oC, 105oC and 130oC for 48 hours under oxidizing conditions. The
corresponding weight gain curves are shown in Figures 20 and 21. At 75oC, no
oxidation could be seen. At 105oC, the MPC sample showed distinct oxidation
(0.19% Fe2+), especially during the first 24 hours. When the temperature was
raised to 130oC, the KPC sample also oxidized in measurable amounts (0.17%
Fe2+). The results show that drying of magnetite concentrates of typical pelletizing
fineness at 105oC is questionable, although 105oC is recommended by ISO 7764
[53] and ISO 3087 [54] and given as the maximum allowable drying temperature
in ISO 3082 [55]. The importance of the drying time should also be recognized.
The samples should be removed from the drying furnace as soon as they are dry
and not left there, for example, over weekends.
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Oxidation during storage at room temperature was detected as well. The Fe2+

content in a normal LKAB pellet feed decreased by 0.3%-units during four years
of storage at room temperature. Oxidation during storage was completely
hindered when the samples were stored in a freezer at -50oC. Therefore, for
prolonged storage of magnetite concentrate samples (like reference materials),
storage in a freezer is recommended. Oxidation during storage was also followed
by regularly running TGA on the MPC and KPC samples stored at room
temperature. The results showed that the oxidation product formed during storage
at room temperature is -hematite, which starts to nucleate to -hematite at around
270oC [Article II].
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The two broad weight loss bands found in DTG curves collected under nitrogen
atmosphere are shown in Fig. 22. The samples are MPC magnetite concentrate
stored either at room temperature or in a freezer for four years. MPC samples do
not contain measurable amounts of carbonates. The first weight loss band
appeared between 200oC and 350oC and was only found in the sample stored at
room temperature. This weight loss corresponds to 0.3% Fe2+ (0.043 dm%) and is
explained by the dissociation of -hematite (formed during storage at room
temperature), back to magnetite [56]. The second weight loss band between 400
and 600oC is connected to the Curie point. A sharp overlying peak with a sudden
weight loss appeared at the exact Curie temperature (563oC). Under the running
conditions used in this study, the apparent weight loss caused by the Curie point
(in N2) corresponded to 0.24% Fe2+ (0.035 dm%). The weight loss at the Curie
point during an oxidation run is smaller, because part of the sample has already
oxidized to hematite when the Curie point is reached.

Stored at -50 C

Stored at room temperature

Stored at room temperature

Stored at -50 C

TG

DTG

Curie point Temperature
/ C

TG / % DTG / %/min

Background correction by the sample itself, is based on the assumption that any
possible weight loss from the sample takes place in a similar manner both under
non-oxidizing and oxidizing atmospheres. However, the above described
dissociation weight loss only appears under non-oxidizing atmosphere and the
apparent weight loss around the Curie point is larger under non-oxidizing
atmosphere. This makes the background correction too large and the net weight
gain during oxidation is over estimated. The weight loss due to dissociation of -
hematite back to magnetite (under non-oxidizing atmosphere) can be utilized to
estimate the amount of -hematite formed during storage or drying and that way,
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the original Fe2+ content in the magnetite sample. This is useful when, for
example, oxidation in reference samples is suspected.

Wet green pellets must be dried at 105oC, because the rate of drying is expected to
influence the spreading of bentonite flakes to particle contact points, which would
influence the green pellet dry strength [6]. In green pellets balled without the
bentonite binder, slight oxidation during drying was, indeed, found. In green
pellets balled with the bentonite binder, oxidation during drying was, however,
marginal. Non-isothermal TGA measurements run on powder samples (crushed
green pellets balled with and without bentonite) are shown in Fig. 23
[unpublished data]. The curves show that the rate of low-temperature oxidation is
suppressed in the presence of bentonite. This can be explained by the bentonite
flakes creating a physical hinder for oxygen to reach the magnetite particle
surfaces.

Temp/ C
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Without
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3.1.3 Pellet Multi Press, PMP (III)

A new measuring instrument, the Pellet Multi Press (PMP) [57-59], was built to
improve accuracy in the compression strength measurements and to reduce
manual sample handling, see Fig. 24. The PMP is a semi-automatic instrument to
which 20 green pellets are loaded on a sample tray and crushed one at a time. The
piston moves at a rate of 15 mm/min, according to recommendations in ISO4700
[60]. During compression, the pressure data is collected as a function of the
travelling distance of the piston at one-millisecond intervals and stored in a
database. Two measuring ranges were chosen: 0 to 10 daN/pellet for wet and dry
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green pellets and 0 to 100 daN/pellet for exceptionally strong dry green pellets or
for partly oxidized magnetite green pellets. After crushing, the pressure curves
can be visually examined and are mathematically evaluated. A set of evaluation
rules was developed, as explained later. The average values, standard deviations,
minimum and maximum values are calculated. The daN units are used in
accordance with ISO4700 [60] to adapt the numerical values to the same level as
in earlier iron ore pelletizing literature; 1 daN = 10 N = 1.02 kg.

3.1.4 Green pellet compression strength and sorting by breakage pattern
(III)

The point of breakage in green pellets is defined as the maximum load after which
the pressure falls by at least 10%. The breakage curves differ considerably,
depending on the nature of bindings. To be able to describe the shape of the
crushing curves numerically in a table of figures, the curves were classified
according to their breakage pattern into three groups, see Fig. 25. In group A, the
breakage pattern is very distinct. After the breakage point, the pressure drops by
more than 80% of the maximum value. This kind of breakage pattern is only
found in dry green pellets. If the pressure drop is between 50 and 80%, the green
pellet is classed to belong to group B. This pattern is typical for weaker bindings,
when a more
drop is between 10 and 50%, the green pellet is classed as group C. B- and C-type
breakage patterns are found in both dry and wet green pellets.
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In C-type wet green pellets, two different shapes around the breakage point can be
distinguished, see Fig. 26. In green pellets approaching the flooding point, the
breakage seems to take place by plastic flow, giving rise to a rounded and slower
breakage pattern. With a lower water content, a faster and more brittle fracture is
seen.
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3.1.5 Green pellet plasticity and linearity of pressure curves (III)

The calculation of plastic deformation in wet green pellets is shown in Fig. 26. A
regression line is drawn between given limits on the pressure curve, typically
between 0.3 daN/pellet and 0.8 daN/pellet. This part of the curve is usually linear.
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The amount of deformation when the green pellet is gradually loaded with a force
of 1 daN, Def(1daN), is read as a distance between the piston positions at the
regression line intercept with the x-axis and at a pressure of 1 daN/pellet. If the
green pellet is weaker than 1 daN/pellet, the regression line is extended over the
breakage point to 1 daN/pellet. This way, the deformation values are independent
of the green pellet strength. 1 daN/pellet was chosen as a reference point for the
calculation of plastic deformation because wet iron ore green pellets normally
need to withstand this load. Def(1daN) is expressed in micrometer units.

The calculation of Def(1daN) is done automatically. However, the pressure curves
are sometimes slightly S-shaped, which can lead to an incorrectly drawn
regression line. Therefore, a measure named (Dlin) was
defined. Dlin is the difference in compression pressure read from the regression
line compared to the actually measured value at the breakage point, see Fig. 26.
Dlin is expressed in units daN/pellet. If Dlin is zero, the pressure curve is
completely linear up to the breakage point. If Dlin is positive, the pressure curve
starts deviating before the breakage point is achieved. If Dlin is negative, the
regression line is incorrectly drawn and not relevant for the calculation of plastic
deformation. In most cases, this can be corrected by choosing new limits for the
calculation of the regression line. This is easily done with the evaluation software.

3.1.6 High-speed camera images (III)

A high-speed camera (maximum 200 images per second with 640x480 resolution)
was connected to the PMP instrument for registration of the green pellet breakage
when desired, see Fig. 27. The film sequences can be synchronized with the
pressure curves. Some images of typical breakage patterns are shown in Chapter
3.6.
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3.2.1 Influence of moisture content and liquid filling degree on plasticity
(III)

The moisture content in green pellets prepared from the SPC-3 raw material
together with 0.5% bentonite was varied between 7.3 and 9.4%. By increasing the
bentonite dosage up to 1.5%, the moisture range suitable for balling could be
expanded up to 10.5%. Liquid filling degree ( ) as a function of the moisture
content is shown in Fig. 28. At around 8.2% moisture content, the liquid filling
degree was 100%. It was possible to produce green pellets in the laboratory drum
with moisture contents down to 7.3%, but as the 8.2% moisture level was passed,
it became necessary to induce the green pellet growth by spraying more water
than usual. Porosity as a function of the moisture content is shown in Fig. 29.
Observations down to 8.2% moisture were used to calculate the regression line on
the figure. Below 8.2% moisture, the green pellets are under-saturated and
showed increasing spread in porosity. The figures show that after passing 100% in
liquid filling degree, the balling process becomes self-regulating and strives to
keep the liquid filling degree constant. Increasing moisture content is simply
compensated by increasing porosity.
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Plastic deformation in green pellets, Def(1daN), as a function of the moisture
content is shown in Fig. 30. Deformation increased linearly with increasing
moisture content. Green pellets with 900 ere already very wet
and green pellets with 500
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To be able to study the green pellet properties at low filling degrees, balling was
done at 9.2% moisture and the green pellets were then dried at 40oC and 60%
relative humidity for various times. Thereafter, wet-CS and Def(1daN) were
measured. Wet-CS values will be shown later in Chapter 3.3.2. Def(1daN) as a
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function of the liquid filling degree is shown in Fig. 31. A large, linear increase in
plastic deformation was seen as soon as the liquid filling degree exceeded 100%.
At < 100%, deformation became constant. At < 70%, the deformation values
further decreased, probably because dry bentonite bindings started to form. At =
100% the particles are packed to minimum porosity (maximum packing density).
The pores are filled with water, but there is not enough water to create liquid glide
planes between particles. At > 100% the increasing moisture content
the particles by drawing them further apart from each other. Liquid glide planes
between particles are formed and plastic deformation of the agglomerates begins.
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The sorting of wet green pellets by the breakage pattern showed a change in the
breakage mechanism at = 100% (8.2% moisture), see Fig. 32. In wet green
pellets, only breakage patterns of type C and B are found. At 9.4% moisture,
practically all green pellets showed the C-type breakage pattern where breakage
takes place by plastic flow. As the moisture content decreased, the proportion of
B-type breakage pattern gradually increased and the C-type breakage
correspondingly decreased. Finally, at around 8.2% moisture, all green pellets
showed the more brittle B-type breakage.
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3.2.2 Influence of raw material fineness on plasticity (IV)

MPC and SPC samples with varying fineness (see Table 1) were balled with 0.5%
bentonite binder at different moisture contents. All the MPC and SPC samples
were collected on the same porosity-moisture correlation line as shown earlier in
Fig. 29. This ascertains that the porosity-moisture correlation is independent of
raw material fineness as long as the amount of air inclusions in green pellets is
small and constant and the same measuring method for the determination of
porosity is used. However, different materials show very different plasticity at a
given moisture content.

Plasticity, Def(1daN), as a function of the moisture content in the MPC and SPC
samples is shown in Fig. 33 and 34, respectively. The figures show that as the raw
material became finer, an increasing amount of water was needed to create
plasticity in green pellets. The MPC and SPC samples clearly separated to their
own groups. At 8.2% moisture content, the MPC samples showed plasticity
values between 600 and 800
while the SPC samples at 8.2% moisture, all showed very low plasticity (500
indicating that the green pellets were dry and fragile. Two of the samples showed
deviating behaviour, namely MPC-2 and SPC-4. The reasons for this deviating
behaviour could not be verified. It highlights, however, that particle size
distribution is only one parameter controlling the moisture content needed in
balling.
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Green pellets collected from the pelletizing plant showed Def(1daN) around 700
. Therefore, Def(1daN) = 700 . With this degree of

plasticity, good ballability in full-scale balling can be expected. The moisture
content corresponding to 700 was marked as F700 and defines the
material specific optimum moisture content in balling. F700 values for the studied
materials were read from the correlation lines in Fig. 33 and 34 and are shown as
a function of the specific surface area of the magnetite concentrate raw material in
Fig. 35.
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The separation between the MPC and SPC samples was distinct. With 10,000
cm2/cm3 specific surface area, F700 varied between 8.1 and 8.9%, depending on
the origin of the sample. If the F700 values are drawn against the %-45
fraction, the two sample groups are brought closer to each other, although they
still separate, see Fig. 36.
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This means that neither the fine tail, nor the large particles can predict the
amount of water needed in balling. Instead, when the F700 values are drawn
against the between the %-45 and %-13 , marked here as D45-13

(describes the slope of the particle size distribution), both sample groups are
collected on the same correlation line, see Fig. 37. The prediction error for F700

was 0.2% in F700.
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3.3.1 Influence of bentonite binder dosage on wet-CS (III)

The bentonite dosage in green pellets balled from the SPC-3 material at 9.0%
moisture was varied between 0 and 1.5%. The large range in bentonite addition
made it difficult to maintain constant moisture content. Therefore, the moisture
content was 8.7% in green pellets balled without bentonite and 9.3% in green
pellets balled with 1.5% bentonite. Wet-CS as a function of the amount of
bentonite is shown in Fig. 38. Wet-CS first increased rapidly up to around 0.5%
bentonite dosage and then planed out. The same inclination point was also seen in
the drop number values, see Chapter 3.4.1. An inclination point at 0.5% bentonite
dosage was also found in the breakage pattern and in the deviation of linearity in
the pressure curves [Article III]. Neither porosity nor plastic deformation was
affected by the bentonite addition.
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3.3.2 Influence of moisture content and liquid filling degree on wet-CS
(III)

Wet-CS as a function of the moisture content is shown in Fig. 39. Wet-CS slightly
increased as the moisture content decreased.
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Wet-CS was also measured as a function of liquid filling degree by balling the
green pellets at 9.2% moisture content and then drying them carefully, as
explained earlier. The results are shown in Fig. 40. The results from Fig. 39
(received by balling directly at the desired moisture content) are also shown in the
same figure. Wet-CS showed a maximum at around = 95 to 100%. At higher
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saturations, wet-CS decreased slightly as the flooding point at around = 110%
approached. The green pellets were weakest when dropped to about 70%. At
this point, some of the capillaries have been drained of water, but dry bentonite
bindings have not yet started to form. As the dry bentonite bindings started to
form, the compression strength increased rapidly.
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3.3.3 Influence of raw material fineness on wet-CS (IV)

The MPC and SPC samples of varying fineness were balled with 0.5% bentonite
binder, partly at the material specific moisture content (F700, constant plasticity),
partly at a constant moisture content (8.2%). In green pellets balled at F700, no
dependency on raw material fineness was found, see Fig. 41. No difference
between the MPC and SPC samples was found either, although the MPC samples
have a broader particle size distribution compared to the SPC samples.

When green pellets balled at constant moisture content and with 0.5% bentonite
are compared (see Fig. 42), the two coarsest MPC samples (MPC-1 and MPC-2)
would be classified as too coarse, because of the weak green pellets. Wet-CS
values for green pellets balled without bentonite are shown in Fig. 43. Wet-CS
increased when the raw material became finer, especially after exceeding the
specific surface area of about 11,000 cm2/cm3.
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3.4.1 Influence of moisture content and bentonite dosage on drop
number (III)

Drop number as a function of the moisture content in green pellets balled from the
SPC-3 material together with 0.5% bentonite, is shown in Fig. 44. Drop number
increased linearly with increasing moisture content. Drop number as a function of
the bentonite dosage, at constant moisture content is shown in Fig. 45. First, the
drop number increased slightly with the bentonite dosage. Then, any further
addition of bentonite led to a large increase in the drop number. The inclination
point was at around 0.5% bentonite dosage.

R2 = 0.93

0

1

2

3

4

5

6

7 8 9 10

Moisture content, %

D
ro

p
n

u
m

b
e

r

0

5

10

15

20

25

0 0.5 1 1.5

Bentonite dosage, %

D
ro

p
n

u
m

b
e

r

3.4.2 Influence of raw material fineness on drop number (unpublished)

The drop number was measured in green pellets balled from the MPC-1 to MPC-5
and SPC-1 to SPC-6 materials together with 0.5% bentonite. Drop number as a
function of the specific surface area in raw materials at constant moisture content
and at the material specific moisture content (F700, constant plasticity) are shown
in Fig. 46 and 47, respectively [unpublished data]. At constant moisture content,
the drop number was constant. At F700, the drop number slightly increased as the
specific surface area in the magnetite concentrate increased.
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3.5.1 Influence of original moisture content and bentonite dosage on dry-
CS

Dry-CS as a function of the original moisture content in green pellets, with 0.5%
bentonite dosage in the SPC-3 raw material is shown in Fig. 48. Dry-CS was
constant and not influenced by the moisture content (porosity) in green pellets.
Dry-CS as a function of the bentonite dosage is shown in Fig. 49. Dry-CS
increased linearly with increasing bentonite dosage.
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3.5.2 Influence of raw material fineness on dry-CS

Dry-CS in green pellets balled from the MPC-1 to MPC-5 and SPC-1 to SPC-6
materials with 0.5% bentonite, at constant moisture (8.2%) and at F700 (constant
plasticity) are shown in Fig. 50 and 51, respectively [unpublished data]. Dry-CS
was constant and no correlation to the raw material fineness was found. No
difference between the MPC and SPC samples was found either.
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A flotation collector reagent, Atrac, was added in a typical KPC magnetite pellet
concentrate in increasing amounts (up to 80 g/t) and the green pellet properties
were measured. 0.5% of the bentonite binder was used in balling and the moisture
content was kept constant (9.1%). Atrac dosages in flotation normally vary
between 30 and 70 g/t. The Atrac dosage in flotation is regulated by the
phosphorus content in the final concentrate. Adsorption of Atrac on the KPC
magnetite concentrate was measured to be approximately 10 g/t [Article V].

Adding Atrac to the pellet feed made the green pellets appreciably weaker. Both
wet-CS and dry-CS substantially decreased, see Fig. 52 and 53. Porosity and
plasticity in green pellets increased with increasing Atrac additions, see Fig. 54
and 55. The breakage pattern changed from the brittle B-type breakage pattern to
the more plastic C-type breakage pattern and the filling degree decreased from
102 to 90%, as shown in Article V.
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Polished samples were prepared from dried green pellets and studied by SEM. An
overview of the green pellet structure about 1.5 mm beneath the outer surface is
shown in Fig. 56. In the reference pellet without Atrac (Fig. 56a), most of the
pores were irregular in shape, as expected when they are filled with water. Only a
few rounded cavities resembling air bubbles were found. In the green pellet balled
with Atrac (Fig. 56b), a large number of rounded cavities of varying sizes could
be seen. Details around some typical cavities are shown in Fig. 57. The particles
are regularly arranged around the contours of the cavities.
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(a) (b)

Typical pressure curves collected with the PMP instrument during wet-CS
measurement are shown in Fig. 58. With Atrac added to the pellet feed the
pressure curves became more rounded and the breakage event became slower.
The compression of wet green pellets was also filmed with the high-speed
camera, see Fig. 59. The camera images showed that in green pellets containing
Atrac, the breakage often seemed to start inside the green pellets, initially causing
several simultaneous cracks (Fig. 59b). As the compression advanced further, the
small cracks merged together to a single crack.
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Some high-speed camera images of typical breakage sequences in dry green
pellets are shown in Fig. 60a-d. Green pellets containing Atrac showed more
multi-breakage sequences. Not only one, but several, cleavage planes were
formed and the green pellets were broken to crumbs instead of two or three larger
pieces. The increased tendency for multi-breakage sequences in the dry-CS test
can also be seen in the pressure curves collected with the PMP instrument, see
Fig. 61. The sharp pressure drop found in reference green pellets was often altered
to a sequence of small pressure drops associated with the successive formation of
cracks.
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At the LKAB Kiruna pelletizing plants, the flotated pellet feed is stored in a
homogenizing storage with a throughput time of approximately 24 hours before
balling. Therefore, some additional test-work was carried out to study how the
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storage time would influence the behaviour of the flotated pellet feeds. For this
purpose, 60 g/t and 20 g/t Atrac was added to the magnetite concentrate and the
mixture was then allowed to stand at room temperature for different times before
balling. Blank samples were prepared with exactly the same treatment, but
without Atrac additions. The changes in wet-CS and porosity as a function of the
storage time, on the two different Atrac dosage levels, are shown in Fig. 62 and
63 [unpublished data]. The results show a gradual improvement in green pellet
quality as a function of the storage time. With 60 g Atrac/t added to the pellet
feed, about one third of the difference in wet-CS and porosity was restored within
24 hours. With 20 g Atrac/t, a storage time of 24 hours seemed to be enough to
restore the original green pellet quality.
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3.7.1 Interpretation of dilatation curves for green pellets (VII)

When a green pellet starts to oxidize, a shell of hematite is formed around the
pellet while the core is still magnetite. Displacement curves (Disp) and
corresponding derivate curves (dDisp) were measured for green pellets under non-
oxidizing and oxidizing atmospheres to separately describe thermal volume
changes in these two phases. The dilatation curve collected under nitrogen
atmosphere is used to describe the behaviour of the magnetite core in pellets. The
dilatation curve collected under oxidizing atmosphere is used to describe the
behaviour of the oxidized hematite shell in pellets.

Dilatation curves for green pellets prepared from the MPC-5 raw material and
measured under non-oxidizing and oxidizing atmospheres are shown in Fig. 64
(Disp) and Fig. 65 (dDisp). Under non-oxidizing atmosphere, linear expansion up
to 800oC was found. The breakpoint seen at 570oC is the Curie point. The
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apparent linear coefficient of expansion ( e*) in nitrogen atmosphere, between
100 and 800oC, was calculated to be 6.1 x 10-6 /oC. This figure is impaired by
some inaccuracy because of the disturbance in the Curie point. Between 800 and
950oC, slight shrinkage took place and thereafter, vigorous sintering started. At
1200oC, the apparent linear coefficient of shrinkage ( s*) in the magnetite pellet
(in N2) became near constant (-149 x 10-6/oC).
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The dilatation curve measured under oxidizing atmosphere, showed quite
different behaviour. The sample showed measurable contraction already at 330oC.
This is near to the temperature at which -hematite, formed during low
temperature oxidation of magnetite, has been found to assume the -hematite
structure [Article II]. The dilatation curve showed linear shrinkage during
oxidation between 330 and 900oC ( s* = -8.8 x 10-6/oC), leading to a total
contraction of 0.5%. Thereafter, the rate of shrinkage slightly increased and at
1100oC the main sintering started. At 1200oC, s* in the oxidized hematite pellet
(in 16% O2) was -134 x 10-6/oC. The repeatability in the dilatation measurements
was estimated from three parallel measurements on green pellets balled from the
MPC-5 material and is shown in Article VII.

Dissociation of hematite back to magnetite starts soon after 1200oC, if the pellet
contains additives, like olivine [Article VI]. The influence of dissociation on the
dilatation curves in pellets was studied by mixing the MPC-5 raw material with
3.5% of olivine (65% -45 before balling. The dilatation curves
completely overlapped up to 900oC. Derivative displacement curves above 800
under non-oxidizing and oxidizing atmospheres are shown in Fig. 66 and 67,
respectively. Under nitrogen atmosphere, a fair concordance up to 1200oC was
found. Thereafter, the shrinkage rate in the green pellet balled without olivine
became constant, while that in the green pellet containing olivine showed an
intensive increase. Under oxidizing atmosphere, the curves again overlapped up to
1200oC. Thereafter, the shrinkage rate in the pellet without olivine became
constant, while that in the pellet containing olivine showed a pronounced
inflection point and started to decrease. This can be explained by expansion of the
pellet during dissociation of hematite. At 1350oC, the expansion in the pellet
containing olivine already compensated for the shrinkage due to sintering and
dDisp was near zero.
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3.7.2 Influence of raw material fineness on dilatation (VII)

Dilatation curves for green pellets prepared from the MPC-1 to MPC-5 materials
at constant porosity (31.9%) were measured under non-oxidizing and oxidizing
atmospheres. The curves completely overlapped at temperatures below 900oC. s*
calculated at 1100oC, 1200 -
oxidizing and oxidizing atmospheres, are shown as a function of fineness in Fig.
68a-c. The shrinkage rate increased as the raw material became finer at 1100 and
1200oC in N2 atmosphere and at 1200 and 1300oC in 16% O2 atmosphere. The
difference in shrinkage rates under non-oxidizing and oxidizing conditions was
largest at 1100 at this temperature, the main shrinkage in the hematite
phase has not yet started. The difference increased as the raw material became
finer. The large influence of the olivine addition on s* at 1300
68c. Under N2 atmosphere the olivine addition largely increased the shrinkage
rate and under oxidizing atmosphere, the shrinkage rate substantially decreased.

3.7.3 Influence of green pellet porosity on dilatation (VII)

Dilatation curves on green pellets prepared from the coarsest and finest raw
materials (MPC-1 and MPC-5) with porosities varying between 29 and 33%, were
measured. The dilatation curves completely overlapped. The dilatation curves
were also measured for green pellets balled from the five MPC materials (MPC-1
to MPC-5) at the material specific moisture content (F700, constant plasticity).
These dilatation curves overlapped completely, as well.
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3.8.1 Influence of the olivine additive fineness on the oxidation of
magnetite particles (VI)

Oxidation of magnetite to hematite (Eq. 4) is a reversible reaction. A TGA
thermogram for the SPC-3 magnetite concentrate sample measured as a powder
sample is shown in Fig. 69. The thermogram shows the three stages of oxidation
of magnetite particles: low-temperature oxidation below 400oC, high-temperature
oxidation between 400 and 1100oC and dissociation, which would start at 1392oC
in a pure hematite phase (in air), but starts already soon after passing 1200oC in
the presence of impurities [29-31].
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Olivine is an additive used in LKAB blast furnace pellets. The influence of
variations in the olivine additive fineness on the dissociation rate of hematite at a
given temperature was studied. Olivine of different finenesses was mixed with the
SPC-3 magnetite concentrate material. A mixing ratio of 3.5 weight-% olivine
was used. These olivine/SPC mixtures were then measured as powder samples in
TGA. Some examples of the dissociation curves are shown in Fig. 70. Due to the
olivine addition, dissociation starts soon after 1200oC and advances at a well
measurable rate at 1250oC.
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The dissociation rate was read from the DTG curves at 1250oC and this value was
used as a relative figure to describe the reactivity of the olivine additive. The
dissociation rate is a negative figure, because it describes the reaction rate to the
left in Eq. (4), but absolute values were used in the evaluation of the results. The
correlation between the dissociation rate at 1250oC and olivine fineness is shown
in Fig. 71. The correlation was excellent, although the range in olivine fineness
was very large, between 20 and 98% -45 .
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3.8.2 Interpretation of oxidation curves for green pellets (VII)

The oxidation studies on pellets were started at 800oC because at this temperature,
the oxidation rate is not influenced by sintering. Understanding the oxidation
phenomena at 800oC aids interpretation of the oxidation curves at higher
temperatures. Oxidation curves, weight gain (TG) and the corresponding
derivative curve (DTG), registered at 800oC furnace temperature for a green pellet
prepared from the MPC-5 material, are shown in Fig. 72. The general features of
the TG curve are similar to those shown in earlier literature (e.g. Fig. 12), but
DTG curves have not been shown earlier. The DTG curves give additional
information about the stages of oxidation in pellets.
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The actual temperature within the green pellet as a function of the oxidation time
was estimated according to a procedure described in Article VII. The estimated
temperatures are marked in Fig. 72. They are rough approximations and are
shown to explain the inflection point of the concave part of the DTG curve. This
point appeared consistently 4.4 minutes after start. It seems reasonable to assume
that at this point, the pellet temperature has reached the furnace temperature or is
at least very near to it, with only a slight drift.
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The calculation of the heating time and the oxidation time (theat, tthrough) and
corresponding mass gains (dmheat, dmthrough) are shown in Fig. 72. It should be
noted that here, the oxidation time (tthrough) refers to the total time needed to
transfer oxygen through the pellet. The degree of oxidation need not be 100% at
this point. The time delay and mass gain for the isothermal (or near isothermal)
oxidation period were also calculated (tiso= tthrough theat , dmiso= dmthrough - dmheat).
The average oxidation rate during the isothermal oxidation period was calculated
as dmiso/ tiso. The heating time (theat) was 4.4 ) minutes at 800oC and 3.9
0.1 (1 ) minutes at 1100 and 1200oC.

The oxidation sequence was also studied by interrupting the oxidation run after
different oxidation times and preparing the pellets to polished samples. Some
typical microscope images are shown in Fig. 73a-f [unpublished]. The oxidation
was interrupted at the minimum on the DTG curve when the sample had reached a
temperature of about 400 (a-b), at theat (c-d) and at tthrough (e-f). After reaching
the minimum on the DTG curve a partially oxidized shell of roughly 1 mm in
thickness, had formed. The oxidation front was diffuse and the degree of
oxidation was higher in particles on the pellet outer surface (Fig. 73a) compared
to those near to the oxidation front (Fig. 73b). Oxidation mainly to hematite
needles was seen.

Oxidized areas on the pellet outer surface and near the oxidation front in the pellet
interrupted at theat, are shown in Fig. 73c-d, respectively. Oxidation to both
needles and single crystals can be seen, the pattern of single crystals being more
dominant in areas near the oxidation front. The oxidation front was diffuse. The
thickness of the partially oxidized shell was about 2 mm. Differences in the
degree of oxidation in particles between the pellet outer surface and the oxidation
front seemed to have levelled out somewhat. However, visual judgement of the
degree of oxidation is difficult. Oxidized areas on the pellet outer surface and in
the core of the pellet after interrupting the oxidation at tthrough, are shown in Fig.
73e-f. Visually, no difference between the degree of oxidation in particles on the
pellet outer surface and in the pellet core, was found. Oxidation throughout the
whole pellet was seen.

The oxidation sequence at 800 is explained as follows.
During the non-isothermal heating period (the first 4.4 minutes), a partially
oxidized shell with a diffuse oxidation front, is formed. As the temperature
continuously rises, the capability of particles to take up oxygen within a relevant
time scale (a few minutes) continuously increases. Particles on the periphery of
the pellet are first in line to fill up with oxygen, while particles further inside the
pellet oxidize at a low oxygen pressure. As the temperature in the pellet stabilizes,
the degree of oxidation in the partly oxidized shell levels out. Thereafter,
isothermal oxidation by diffusion of oxygen through the oxidized hematite shell
starts. At tthrough, the oxidation front has reached the midpoint of the pellet.
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(a) DTG-min, surface (b) DTG-min, shell

(c) theat, surface (d) theat, shell

(e) tthrough, surface (f) tthrough, core

During oxidation of a pellet, the oxidation rate in magnetite particles should be
considered in relation to the speed of penetration of the oxidation front. The
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superficial oxidation of magnetite particles is fast, less than one minute, as was
shown by Monsen [39]. Thereafter, oxidation proceeds by the slow diffusion of
Fe2+/Fe3+ ions in hematite [37]. Increasing the temperature facilitates faster
diffusion through the hematite phase and also the diffusion of O2

- ions [37].
Therefore, oxidation in magnetite particles is limited by both their size and by the
temperature. Thermograms measured on sized magnetite concentrate particles are
shown in Fig. 74.
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Particles larger than 20 oC. Therefore, the degree
of oxidation in pellets does not reach 100% at this temperature, not even after a
very long oxidation time (one hour). At 1100oC, magnetite particles of all sizes
found in typical pellet feeds oxidize to near 100% (within a relevant time scale)
and a more distinct oxidation front in pellets is found. At 1200oC, sintering
severely hinders oxidation and a very clear oxidation front in pellets is formed.
This was confirmed by polished samples prepared from pellets obtained from
oxidation runs interrupted at theat, at 1100 furnace temperatures
[unpublished]. Some microscope images are shown in Fig. 75a-f.

At 1100
magnetite particles were almost completely oxidized (Fig. 75a). Thickness of the
oxidized shell formed during the heating period was about 2 mm. Near the
oxidation front, mainly oxidation to single hematite crystals was found (Fig. 75b)
and bridging in the fine particle fraction could be seen. In the pellet core (Fig.
75c), occasional hematite needles were found. At 1200
bridging was seen throughout the whole pellet (Fig. 75d-f). On the surface of the
pellet and within the oxidized shell, complete oxidation in particles was seen. The
oxidation front was distinct and only a narrow band of partially oxidized particles
at the oxidation front was found. Practically no oxidation in the pellet core (Fig.
75f) was found.
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(a) 1100 (d) 1200

(b) 1100 (e) 1200

(c) 1100 (f) 1200

The gas flow rate is critical for the oxidation rate in pellets [28,40,43,44]. It needs
to be high enough so that mass transfer of oxygen through the gaseous boundary
layer becomes negligible compared to other rate-limiting parameters. The
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influence of gas flow rate was experimentally studied. After reaching 2.2 bar (2.2
x 105 Pa) pressure, the oxidation time was almost independent of the gas flow rate
[Article VII]. This pressure was used in all experiments. The repeatability in the
oxidation experiments is shown in Article VII.

3.8.3 Influence of raw material fineness on oxidation in green pellets (VII)

In green pellets balled at constant porosity (31.9%), the oxidation time (tthrough)
became longer as the magnetite raw material became finer, at all temperatures, see
Fig. 76. The oxidation time also became longer when the furnace temperature was
raised. The oxidation weight gain during the heating period (dmheat) was constant
at 800 and 1100oC but at 1200oC, slightly lower values for the two finest raw
materials were obtained, see Fig. 77. The isothermal oxidation rate showed
particle size dependency at all temperatures and decreased when the raw material
became finer (Fig. 78). For each sample material, the isothermal oxidation rate
was highest at 1100oC.
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3.8.4 Influence of green pellet porosity on oxidation (VII)

Oxidation curves for green pellets prepared from the coarsest and the finest raw
materials (MPC-1 and MPC-5) at different porosities were measured. The
oxidation time became shorter as the porosity increased, for both materials and at
all temperatures, as shown in Fig. 79 and 80. At 1200 lts for pellets
prepared from the finest raw material, MPC-5, showed a larger spread. The
oxidation weight gain during the heating period at 1100 and 1200
temperatures, increased as the porosity increased, see Fig. 81. Again, green pellets
prepared from the MPC-5 material and oxidized at 1200
showed a larger spread.

Oxidation in green pellets prepared from the five MPC raw materials at the
material specific moisture content (F700, constant plasticity) was measured. The
oxidation time at 800, 1100 and 1200
raw material fineness is shown in Fig. 82. Porosity in each sample is marked on
the figure. At 800 slightly increased
with increasing raw material fineness. At 1100 and 1200
was practically constant; 14 and 16 minutes, respectively.
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Under normal balling conditions, iron ore green pellets are over-saturated with a
liquid filling degree between 100 and 107% (Fig. 28). At over-saturation, balling
becomes a self-regulating process. An increase in the moisture content is
compensated by an increase in porosity (Fig. 29) and the liquid filling degree is
kept constant. As soon as the moisture content was high enough to create over-
saturation, wet green pellets started showing plastic behaviour. Thereafter, green
pellet plasticity increased linearly with increasing moisture content (Fig.31),
probably because liquid glide planes are formed between particles. No influence
of the viscous bentonite binder on green pellet plasticity measured as Def(1daN),
was found.

Because iron ore green pellets are over-saturated and their wet strength is largely
influenced by the bentonite binder (Fig. 38), additional binding forces besides the
capillary forces described by the Rumpf equation (Eq. 4) need to be present.
Areas for different binding forces within the whole range of liquid filling degrees
in moist green pellets balled with 0.5% bentonite and without bentonite are
illustrated in Fig. 83. The figure describes the green pellet behaviour under
drainage, while the agglomerate behaviour under wetting would be different. The
shape of the curve resembles the curve shown by Newitt and Conway-Jones [1]
for agglomerates with a high salt content in the binder liquid.

Wet-CS in green pellets without bentonite showed a broad and faint maximum
around = 90 to 100%, which is expected to originate from the capillary forces.
Adding 0.5% bentonite gives a substantial contribution to the total binding force.
In green pellets balled with the bentonite binder, only roughly one half, probably
less, of the wet-CS can be explained by the capillary forces. The other half (or
more) of the total binding force is due to viscous forces. The cohesive force of the
superficial liquid can give rise to a supporting network on the green pellet surface.
As the viscous forces in the binder liquid increase (bentonite dosage increases),
the superficial network becomes stronger and wet-CS increases. The prevailing
capillary forces can be seen when the green pellet is gently pressed between two
fingers: the surface water is drawn inside the capillaries. The superficial network
of the binder liquid can be seen as the typical wet shine in green pellets. Actually,
experienced operators can visually roughly judge if the degree of coverage of the
liquid network is appropriate.
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When the maximum in wet-CS is passed and the green pellets become over-
saturated, the agglomerate strength should drop very fast to zero, if only capillary
forces are present and assuming that the green pellet surface is ideal and
concave pore openings over-saturated areas are found. The experimental data
showed, however, only a slight decrease in wet-CS when increased above 100%
(Fig. 83). This applied whether the green pellets contained bentonite or not. This
could be explained by surface roughness in green pellets. Both concave pore
openings giving rise to capillary forces, which pull the liquid into the pores, and
over-saturated areas, which allow for further green pellet growth, can be expected
to occur at the same time.

When the liquid filling degree decreases below 100%, liquid bridges start forming
at particle contact points. The strength of the liquid bridges is enhanced by the
bentonite suspension turning over to gel. After about one half of the original water
has been dried out, the wet green pellets are at their weakest. In the full-scale
pelletizing process this takes place somewhere in the drying zones. After further
drying, dry bentonite bindings start forming and the green pellet strength
increases very rapidly. It should be noted that although the green pellets are still
fairly strong at = 90%, it is not possible to ball within this area under industrial
balling conditions. The working area in a real pelletizing process is marked in Fig.
83. It is very narrow because of the covariance between the moisture content and
porosity.
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The increase in Wet-CS as a function of the bentonite dosage (Fig. 38) has been
shown in earlier literature [4], but the binding mechanisms have not been
discussed earlier. Two distinct ranges were found. At low bentonite dosages the
binding force is suggested to be a combination of the capillary force and the
cohesive force due to the viscous binder, as described earlier. Their relative
contribution depends on the binder dosage. As the bentonite dosage passes the
inclination point at around 0.5%, the cohesive force (viscosity) still increases, but
the adhesion of the binder liquid on the particle surfaces could become weaker
and start controlling the green pellet breakage. According to this approach, the
adhesion of the binder liquid to particle surfaces would dictate how much of the
increase in viscosity can be utilized to build up the green pellet wet compression
strength. Fibrous structures in bentonite would be expected to further increase the
green pellet wet strength, as was shown experimentally by Kawatra and Ripke
[19,20].

Based on the binding mechanisms described above, a new mechanism for green
pellet growth is suggested. Two limiting parameters are identified. Firstly, the
green pellet plasticity needs to exceed a minimum level to enable growth. This
limiting plasticity defines the moisture content needed in balling. Secondly,
viscosity in the liquid phase needs to be such that the superficial water on the
growing green pellet and on the free pellet feed can coalesce within the time
available during collision.

Drop number values depended on changes both in the moisture content and in the
bentonite dosage (Fig. 44 and 45). The linear increase in the drop number with
increasing moisture content can be explained by the simultaneous increase in
plastic deformation (Fig. 30). The increase in the drop number with increasing
bentonite dosage is probably due to increasing elasticity. This change in elasticity
is not seen in Def(1daN) because of the much lower shear rate applied in this test.
Therefore, Def(1daN) and the drop number only correlate if the bentonite dosage
is kept constant. Bentonite also shifts the flooding point, at which the green
pellets deform under their own weight, towards higher moisture contents.

Dry-CS was independent of the original moisture content in green pellets (Fig.
48), even if the studied range in moisture (and porosity) was very large compared
to normal variations in balling. Dry-CS was completely controlled by the amount
of bentonite added (Fig. 49). This result shows that an increase in porosity, as
such, need not be harmful for dry-CS. However, if the increase in porosity takes
place through air bubbles trapped in the green pellet structure, the pellets can
become very weak as will be discussed in Chapter 4.5.
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Saturations above 100% are quite contradictory to earlier published data [3-7],
which assume flooding at = 100% and fully developed capillary forces at =
90%. A certain shift in could have been caused by different methods used in
porosity determination. Porosity is calculated by subtracting the volume of
particles from the volume of the green pellets. The volume of particles is well
defined and calculated from the sample weight and the absolute density of the
particles. However, the volume of green pellets depends on how the borderline on
the green pellet surface is defined how much of the surface roughness is
considered to belong to the green pellet pore structure. In this study, the limit was
set in such a way that the pore structure ends as the pore openings become larger
than 9
as was done by Rumpf [7], the measured porosity will naturally be larger and in
all cases < 100%.

Some air was found in all studied green pellets. In the presence of surface-active
agents, the amount of air could be considerable. Air bubbles in green pellets make
the concept of the liquid filling degree more complex. Liquid filling degree is also
called . These two names for the same parameter fairly well
describe its dual meaning. If part of the pore volume is filled with air bubbles
instead of water, calculated from Eq. (1) becomes < 100% and the
is low. However, the green pellets can still be in the sense that the
green pellet surface is wet, which is a pre-assumption for the green pellets to
grow. A situation where the pellets are truly under-saturated arises when there is
too little water available in balling to fill the pores when particles are fully
packed. In that case, binding by liquid bridges would take place and pellets would
be in the funicular state. During micro-balling, pellet growth can be forced even
in such situations. In full-scale balling this situation is not likely to happen,
because it would result in an increase in the recycling loads of the balling circuits
and would be compensated by adding more water.

As described earlier, in iron ore green pellets, the liquid filling degree under
normal balling conditions is constant. The calculation of the liquid filling degree
is a good way to estimate the amount of air in green pellets, but does not
necessarily describe the prevailing binding mechanisms (pendular, capillary or
droplet states) in the way commonly presented in earlier literature [1,4,6,7] and
as shown in Fig. 2. Also, the filling degree does not reveal the optimum moisture
content in balling as suggested in earlier literature [3,4,6].
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A definition for the optimum moisture content in balling is introduced. It can be
defined in terms of plasticity in green pellets. The moisture content that results in
700 , F700, is regarded as the optimum moisture
content, because this level of plasticity was found in green pellets produced in
full-scale balling. At F700, about half of the green pellets showed the C-type
breakage pattern (Fig. 32 with F700 = 9.0%) typical for breakage through plastic
flow. A lower degree of plasticity would lead to increasing circulating loads and
surging in the balling circuits. Moisture contents higher than F700 would increase
the green pellets growth rate and reduce surging in the balling circuits, but the
increase in green pellet plasticity would also reduce the permeability of the pellet
bed in the drying zones. The optimum running conditions are chosen by balancing
these advantages and disadvantages against each other.

The results show that as the raw material becomes finer, an increasing amount of
water is needed to keep the plasticity constant. Variations in F700 were better
described by the large particles (%-45 -13 r the
specific surface area). Best correlation to F700 values was obtained using the slope
of the particle size distribution, here expressed as a difference between the size
fractions %-45 -13 (Fig. 37). If the slope increases, more water is
needed in balling. The raw material fineness analysis in Table 1 shows that
varying the mill feed rate causes only relatively small changes in the %-13
fraction (expressed in mass per cent), compared to changes in the %-45
fraction. This explains why the correlation lines drawn for the MPC and SPC
samples were closer to each other when F700 was drawn against %-45
36) than the corresponding lines drawn against specific surface area (Fig. 35).
Naturally, if the process variations in the slope of the particle size distribution are
small, F700 can be predicted by only measuring the %-45
assumption is actually made today, because the grinding of MPC and SPC pellet
feeds is controlled by the %-45 , exclusively.

For good ballability, the specific surface area in pellet feeds (at LKAB) should
exceed around 9,500 cm2/cm3. Therefore, the -45
needs to be chosen so that this threshold value is exceeded. Thereafter, the
moisture content needs to be adjusted to give the desired degree of plasticity in
green pellets. Probably, the most detrimental factor for a balling process would be
continuous in fineness. The moisture content in balling would be
alternately too high and too low compared to the F700 of the incoming pellet feed.

Judgement as to whether balling is running is recommended to be
based on green pellet plasticity and compression strength, instead of using the
rather inaccurate drop number. The balling process can be controlled by adjusting
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the moisture content (plasticity) or by adjusting the bentonite dosage (viscosity).
These two operations are not interchangeable. Even if they would compensate in
growth rate, as suggested by the ballability index (see Eq. 3 and Fig. 9), the green
pellet properties would differ.

The above described interpretation of the plasticity values requires that the liquid
filling degree is
deformation would rather imply the presence of air inclusions than a too low
moisture content, as will be described later in Chapter 4.5.

The Rumpf equation (Eq. 4) claims that the agglomerate wet strength increases as
the raw material becomes finer. This was, indeed, confirmed by green pellets
balled without bentonite binder (Fig. 43). The results resemble the data shown in
earlier literature, see Fig. 4 and 5 [4,10]. This increase in wet-CS can be explained
by an increase in the capillary forces as the capillaries become smaller, according
to Eq. (4).

However, in green pellets balled with 0.5% of the bentonite binder and
(i.e., under realistic balling conditions), wet-CS was constant

and independent of the raw material fineness (Fig. 41). In this case, the
agglomerate strength is mainly controlled by the viscous forces and Eq. (4) does
not apply. This means that low wet-CS values cannot be compensated by further
grinding of the raw material. For process control purposes, it is also important to
be aware that changes in the raw material fineness would not show in wet-CS
(presuming that plasticity and the bentonite dosage are constant). The results also
show that the general statement of broader particle size distributions resulting in
increasing pellet wet strength [3-6], did not apply. Broader particle size
distributions (MPC samples) indeed showed lower porosity in pellets, but because
wet-CS is mainly controlled by the viscous forces in the binder liquid, a lower
porosity does not contribute to the wet-CS values. Broader particle size
distributions can, however, have an influence on nucleation and the green pellet
growth rate in balling circuits. These studies were outside the scope of this thesis.

A comparison of wet-CS values and with 0.5% bentonite
would lead to incorrect conclusions (Fig. 42). If the moisture content is slightly
lower than F700 for the specific material, wet-CS is at maximum (as in the SPC
samples), but green pellets would be too dry for large-scale balling. If the
moisture content is larger than F700 (as in the MPC-1 and MPC-2 samples), green
pellets would become weaker due to their higher plasticity.
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Dry-CS showed no correlation to magnetite concentrate fineness within the
studied range. The drop number seemed to increase slightly, when the specific
surface area in the magnetite raw material increased (Fig. 47). This might be
explained by an increase in the viscous forces caused by the increasing amount of
fine particles. However, the drop number is a fairly inaccurate figure and it is
highly dependent on the amount of the bentonite binder (Fig. 45). An increase in
the magnetite concentrate fineness might give a positive contribution to the drop
number values, but the differences are so small that they could easily be covered
under normal variations in the bentonite dosage or in the bentonite quality. A drop
number around four is usually considered necessary for the green pellet durability
during reloading from one conveyor belt to another. A drop number larger than
that would not be of any use.

Additions of the surface-active flotation collector reagent, Atrac, on pellet feeds
before balling were found to lead to serious degradation in green pellet strength
(Fig. 52-55). In the presence of the Atrac reagent, air bubbles attached so strongly
in the green pellet structure that they could not be removed during balling. Green
pellets became very weak both in wet and dry states and showed multi-breakage
patterns. Breakage to several crumbs can explain the increased generation of dust
observed at the pelletizing plant [16,17]. The green pellet plasticity increased
because the air bubbles behaved like large plastic particles.

The best way to detect that Atrac is carried over to the pelletizing plant is to
measure the green pellet porosity and the moisture content and to calculate the
filling degree. This simple measure helps the process operators to find the correct
source of disturbance, which can otherwise be difficult because of the complex
nature of the balling process. Because the calculation of the filling degree is very
sensitive to changes in porosity, high accuracy, or at least high repeatability, in
the porosity measurement is essential. The development work described in Article
I has resulted in stable and repeatable porosity values at LKAB laboratories.

The obtained experimental results could not be fitted with the Rumpf equation
(Eq. 2) because the liquid-solid contact angles as a function of Atrac additions are
not known. However, the breakage follows the weakest path and the breakage
patterns recorded by the high-speed camera did suggest crack growth along the
pore structures rather than breakage through the loss of the capillary forces.
Further grinding of the magnetite concentrate is not expected to make the green
pellets stronger, but could result in an opposite effect, because of the increased
particle surface area exposed to Atrac adsorption.
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The negative influence of Atrac on balling gradually decreased during storage
(Fig. 62,63). The recovery time was influenced by the amount of Atrac present in
the pellet feed being about one day for Atrac additions of 20 g/t and around one
week for Atrac additions of 60 g/t. Even if the principal reasons for this
restoration of the balling behaviour is not known today, it can be utilized for
process control. In case of Atrac carry-over to the pelletizing plant, the corrective
process control measures would be to revise the function of the homogenizing
storage to maximize the throughput time and to revise the status of the flotation
process. The reagent dosages should be kept at the lowest possible level at all
times. Another conclusion of practical importance is that flotated pellet feeds need
to be regarded as materials, at least for some days after flotation. This
needs to be considered when flotated pellet feeds are sampled for balling
experiments or for pot grate tests. If a stable sample material is required, it should
be stored for a few weeks before balling. The desired surface properties can then
be created by controlled reagent additions just before balling.

When a pellet starts to oxidize, a shell of hematite is formed while the core of the
pellet is still magnetite. Dilatation curves were measured under non-oxidizing and
oxidizing atmospheres to separately describe thermal volume changes in these
two phases. The dilatation curve observed under nitrogen atmosphere is used to
describe the behaviour of the magnetite core in pellets. The dilatation curve
observed under oxidizing atmosphere is used to describe the behaviour of the
oxidized hematite shell in pellets.

These two phases showed very different thermal volume changes (Fig. 64 and
65). The un-oxidized magnetite core showed thermal expansion up to 800oC,
while contraction by 0.5% during oxidation between 330 and 900oC, was
observed. After 800oC, the magnetite core started to shrink slightly and soon after
950oC, it shrank much faster than the hematite shell, because the main sintering of
the hematite shell started only after passing 1100oC. Due to the higher shrinkage
rate in the pellet core compared to the oxidized shell, the core is pulled away from
the shell and the duplex structure starts to form. At 1200oC the shrinkage rates in
the magnetite core and in the hematite shell were near equal.

These thermal volume changes cause structural stress in pellets and, in the worst
case, concentric cracks along the structural boarder between the more heavily
sintered core and less sintered shell (duplex structure). After sintering in the kiln
and cooling in the cooler, practically all magnetite is oxidized to hematite, but the
differences in the pellet macro-structure remain, as was shown recently in a wide
study of macro-structures in plant pellets [38]. The remaining structural stress in
pellets can be released upon reduction in the blast furnace and result in fracturing
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to pieces and fines. Ilmoni and Uggla [40] found that the degree of oxidation
needs to be at least 80% in pellets leaving the PH zone to get acceptable strength
in pellets after firing. When the oxidized shell is pushed further inside the pellet
before final sintering in the kiln, the contact area between the core and the shell
decreases, as does the structural stress.

Dilatometer measurements showed that the shrinkage rate increased as the raw
material became finer at 1100 and 1200oC for the magnetite core (in N2) and at
1200 and 1300oC for the oxidized shell (in 16% O2), see Fig. 68. The difference in
shrinkage rates between these two phases was largest at around 1100oC and
increased as the magnetite concentrate raw materials became finer. A finer grind
in the raw material would, therefore, promote the formation of the duplex
structures. The sintering rate was not influenced by the original porosity in green
pellets, within the studied range (between 28 and 34%). Contraction during
oxidation between 330 and 900oC was not influenced by the original porosity in
pellets or by the magnetite concentrate fineness.

The measured differences in the sintering rate as a function of raw material
fineness were, however, small compared to the large influence of the olivine
additive found soon after passing 1200oC. Dilatation measurements showed that
dissociation of hematite back to magnetite gave rise to an increase in volume of
the oxidized hematite shell. At the same time, the sintering rate of the magnetite
core was further increased (Fig. 66 and 67). Therefore, if the temperature for
dissociation in pellets is exceeded, the risk of formation of concentric cracks is
enhanced. In that case, the structural stress in pellets is expected to be mainly
controlled by the rate of dissociation (temperature, the amount and fineness of the
additive) rather than by the fineness of the magnetite concentrate. Interactions
between the magnetite concentrate and olivine additive fineness could occur. In
the present work, the influence of olivine on thermal volume changes in iron ore
pellets is only qualitatively shown. For quantifying these effects, more laboratory
work is needed.

When a 10-mm pellet was heated by placing it in a hot furnace at 800 to 1200oC,
roughly half of the pellet mass was oxidized under non-isothermal conditions,
during the heating period. When the temperature inside the pellet reached the
furnace temperature, isothermal (or at least near isothermal) oxidation started. The
oxidation time (time needed to transport oxygen through the whole pellet)
increased and the isothermal oxidation rate correspondingly decreased as the
magnetite concentrate raw material became finer, at all furnace temperatures (Fig.
76 and 78). At 800oC this can be explained by an increase in the degree of
oxidation of the magnetite particles, which is limited by the particle size at this
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temperature. Decreasing the particle size simply increases the consumption of
oxygen. At 1100oC, magnetite particles of all sizes found in typical pellet feeds
oxidize near completely, within a relevant time interval (a few minutes).
Therefore, at 1100 and 1200oC furnace temperatures the underlying mechanisms
need to be different.

At 1100oC, the increase in the oxidation time as the magnetite concentrate became
finer cannot be explained by enhanced sintering of the oxidized hematite shell,
because at this temperature, the main sintering in the hematite phase has not yet
started. Also, no difference in shrinkage during the formation of the hematite shell
(oxidation between 330 and 900oC) as a function of the raw material fineness was
found. Therefore, at 1100oC the logical explanation to the particle size
dependency of the oxidation time is the increased sintering in the magnetite core,
taking place and suppressing then the diffusion rate of oxygen.

At 1200oC, the hematite shell and the magnetite core both show vigorous
sintering and the sintering rate in both phases increased as the magnetite
concentrate became finer (Fig. 68). Therefore, at 1200oC, the oxidation rate
becomes limited both by the decreased diffusion rate through the oxidized
hematite shell being sintered and by the sintering in the magnetite core taking
place before oxidation. This dual mechanism explains why the oxidation rate at
1200oC was appreciably lower compared to oxidation at 1100oC. At 1200oC, the
suppressing effect of sintering on oxidation became so severe in green pellets
balled from the two finest raw materials that the oxidation weight gain started to
lag behind already during the heating period (Fig. 77). The results show that the
temperature range for optimal oxidation is very narrow, between 1100 and
1200oC. 1100oC is the temperature needed for complete oxidation in particles and
soon after 1200oC the increasing dissociation pressure and severe sintering in both
the oxidized hematite shell and in the magnetite core slow down the oxidation
rate.

In the experiments described above, the green pellet porosity was kept constant
while the particle size in the pelletizing raw material was varied. In these
experiments, the diffusion rate of oxygen before sintering started, was constant.
As describe earlier, finer raw materials demand a higher moisture content in
balling, which results in a higher porosity in green pellets. No differences in the
sintering behaviour at different levels of original green pellet porosity were found
and therefore, increasing the original green pellet porosity should result in
increasing oxidation rates throughout the whole oxidation process. This was
confirmed by the experimental results (Fig. 79 to 81). The oxidation time
decreased and the amount of oxidation taking place during the heating period
increased as porosity increased. Green pellets prepared from the finest raw
material (MPC-5) showed, however, a substantial spread in the results at 1200oC
furnace temperature. Samples that showed long oxidation times showed also less
oxidation during heating. This could be explained by the subtle balance between
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oxidation and sintering. Even a slight decrease in the initial oxidation rate due to,
for example, small differences in porosity, would leave more time for sintering
before oxidation and further decrease the oxidation rate.

Oxidation rate in green pellets prepared from the five MPC materials under
realistic balling conditions (F700, constant plasticity) showed that in the laboratory
oxidation experiments the decrease in the oxidation rate due to the finer grind in
the raw material was levelled out by the opposite effect of an increase in porosity.
In green pellets balled at constant plasticity and oxidized at 1100
temperature, the oxidation time was constant (14 minutes, Fig. 82). In the real
pelletizing process, the situation would, however, be different. Only partial
oxidation takes place in the PH zone before pellets are loaded in the kiln.
Therefore, even if the oxidation rate in the green pellets were the same until the
end of the PH zone, more sintering in the kiln would take place in green pellets
prepared from the finer materials. This would result in enhanced duplex structures
as the raw material becomes finer. Also, the spread in the degree of duplex
structures can be expected to increase. The results highlight the complexity of the
oxidation and sintering process and the importance of process knowledge when
laboratory data is used to predict pellets behaviour in the full-scale process.

In these experiments, the real temperature inside the pellet was not measured. As
the oxidation of magnetite to hematite is a largely exothermic reaction, a
temperature rise inside the pellet can be expected. If the temperature inside the
pellet rises, it is expected to happen during the fast oxidation of the pellet outer
shell and can have a large influence on the oxidation rate. If the temperature
inside the pellet exceeds the limiting temperature for dissociation to start, the
oxidation and dilatation patterns would be substantially changed. For further
understanding of the oxidation and sintering patterns, a fast and accurate
temperature measurement would be needed.

The oxidation rate in pellets is not only controlled by the pellet properties but also
by process parameters applied in the pellet plant. One of the most important
process variables regarding the oxidation rate is the heating rate of pellets, as was
also pointed out by Haas et al. [44]. In the present work, the temperature rise was
around 300oC/min, calculated as an average for the whole heating period. In the
real process, the heating rate is roughly the same for the upper part of the pellet
bed, while the heating rate for pellets in the bottom of the bed is lower (about
150oC/min). The rate of heating applied in the TPH and PH zones needs to be
adjusted for the specific raw material and green pellet properties, like fineness of
the magnetite concentrate and the additive, porosity in green pellets and the
oxygen content in the oxidizing gas. A lower heating rate allows the formation of
a thicker hematite shell before the sintering temperature is reached. The degree of
oxidation in pellets when leaving the PH zone should preferably be above 80%
[40], on average for the whole bed of pellets. Obviously, it would be difficult to
compensate for fast fluctuations in green pellet properties in induration. In
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pelletizing, consistency in all parameters is a fundamental requirement for stable
product quality.

In this work, the size of the studied green pellets was limited by the graphite
furnace in the TGA instrument to 10 mm. Industrial green pellets are normally
larger. The size of green pellets can be expected to have a large influence on the
formation of duplex structures. As the green pellets become larger, the size of the
un-oxidized magnetite core subjected to sintering before oxidation increases.

Some other process parameters can influence the oxidation of iron ore pellets, as
well. Large sensitivity of the oxidation rate to variations in the partial pressure of
oxygen has been reported [28,43]. The oxidation results obtained with different
gas flow rates [Article VII] visualize the fact that if the gas flow in the bed of
pellets is hindered by, for example, crumbs from broken pellets or by deformation
of over-wetted green pellets, it has an essential influence on the oxidation process.

The repeatability in the experimental test work has been reported in respective
articles. Some sources of experimental errors are further discussed below.

In micro-balling, as performed in this thesis, green pellets with largely deviating
porosity and moisture content can be produced. It is a suitable method for
studying green pellet properties with different raw material mixtures. However,
the green pellet cannot be predicted by this kind of balling
experiments. Also, in micro-balling, the green pellet growth takes place mainly by
layering. In a full-scale production plant pellet growth takes place by coalescence,
as well. Therefore, differences between plant green pellets and micro-balled green
pellets can occur. The principal mechanisms regarding the green pellet properties
are, however, the same.

When highly plastic wet green pellets are measured in the Pellet Multi Press,
some deformation can take place as soon as the green pellet is placed on the
sample tray. Therefore, the measured green pellet plasticity values (Def(1daN))
could be systematically somewhat too low. The measurements are, however,
consistent and this eventual deviation would not change the interpretation of the
results reported in this thesis.

The compression force in the Pellet Multi Press instrument is regularly calibrated
against a certified load cell. The calibration correction for the load cell has been
negligible compared to other experimental errors. Also, in each micro-balling test
series, a relevant reference sample has been balled and characterized.
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The magnetite concentrate materials (MPC-1 to MPC-5 and SPC-1 to SPC-6, see
Table 1) were homogenized before packing into barrels. However, the samples
are authentic materials from the concentrating plants and some quality variations
may occur. Contact angle measurements on these materials were not available.
All materials were stored during at least one year before balling. The sizing data
in Table 1 shows average values for five or more analysis samples taken from
different batches used in micro-balling. The calculated standard errors (2 n,
where n is the number of parallel samples) were 90 cm2/cm3 for the specific
surface area and 1 %-units for the %-45 by screening and for the
%-13 measured by the cyklosizer.

Porosity is measured in the GeoPyc instrument as an for a batch of green
pellets (100 g, appr. 25 pellets). Variations in porosity between individual pellets
can occur. Differences in porosity between the pellet core and shell can occur, as
well. Green pellets can even contain hidden cracks. In the oxidation experiments,
only one pellet can be measured at a time and the porosity is assumed to be the
average value obtained from the GeoPyc measurement. This variation is included
in the estimated repeatability for the oxidation measurements shown in Article
VII.

Preparing the green pellets to constant size by rotating them in a 10-mm hole, as
described in Article VII, could slightly loosen up the outer particle layers on the
green pellets. In that case, the measured initial oxidation rates could be slightly
too high, but would not change the conclusions regarding the oxidation and
sintering mechanisms described in Article VII.

The pressure of the oxidizing gas in the TGA measurements was chosen to be 2.2
bar (2.2 x 105 Pa). At this pressure, the gas flow rate might still have a small
influence on the oxidation rate [Article VII]. The gas pressure was, however,
limited by the design of the graphite furnace in the TGA 92-16 instrument and
could not be further increased. This possible effect would make the measured
oxidation times somewhat too long, but would not change the interpretation of the
oxidation results.
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The results showing the negative influence of finely ground olivine particles on
the oxidation of magnetite [Article VI] were applied at the LKAB Svappavaara
pelletizing plant, starting from spring 2001. The control value for olivine grinding
was decreased from 72 to 65% -45 . The top-size control was accomplished by
closing the grinding circuit with a hydro cyclone. No problems with green pellet
strength were experienced. The low-temperature reduction strength (LTD, ISO
13930) measured on sintered pellets sampled on a daily basis at the pelletizing
plant showed an increase from 92 2 to 95 1 (1 ) %+6.3 mm. This can be
considered a marked improvement. This improvement in LTD values was at first
interpreted to be exclusively due to the faster oxidation in the grate because of a
lower dissociation pressure. Later, as the dilatation results were obtained, it
became clear that the large thermal volume changes associated with the
dissociation of hematite also contribute to and enhance the duplex structures in
pellets. In addition to the improvements in pellet quality, the coarser grind for
olivine made it possible to increase the throughput of the olivine grinding circuit
with relatively small investments.

Today, micro-balling is an essential part of the continuous research work at
LKAB. Three people are employed full-time to do the laboratory work. Two more
researchers have been employed to work within this research area. The Pellet
Multi Press instrument has been tested for process control purposes and today,
three instruments are in continuous use at LKAB.

Both practical and theoretical training courses for different occupational groups at
LKAB have been arranged on a regular basis to spread the new knowledge gained
during the course if these studies. Compendiums describing green pellet
properties have been prepared.
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1. The capillary theory predicts that wet agglomerates can be made stronger by
further grinding of the raw materials. Further grinding should also compensate for
problems with wetting or surface tension. Furthermore, the capillary theory
predicts that wider particle size distributions in the raw materials would result in
stronger agglomerates, because they pack to a lower porosity. Within the limits
covered in this work, the capillary theory did not describe the green pellet
behaviour when balling was done by using the viscous bentonite binder. The
findings leading to this conclusion are specified below.

2. A new measuring method for green pellet plasticity was developed. The
optimum moisture content in balling was defined as the moisture content resulting
in a given degree of plasticity in green pellets. Too much plasticity would reduce
the permeability of the pellet bed during drying and oxidation with negative
consequences for both the pelletizing capacity and the pellet quality. If the green
pellets are not plastic enough, they become fragile and would lead to increased
circulating loads and surging in the balling circuits.

3. The optimum moisture content in balling is largely dependent on the slope of
the particle size distribution in the raw materials. Pellet feeds with steeper particle
size distributions require more water in balling and thus result in larger porosity in
green pellets. Continuous variations in the raw material fineness would result in
alternately too high and too low moisture content compared to the properties of
the incoming raw material. This would cause fluctuations in both balling and
induration.

4. Green pellet properties with varying raw material fineness should be compared
at constant plasticity, instead of comparing at constant moisture content as has
commonly been done in earlier literature. Wet compression strength measured in
green pellets balled at constant plasticity and with 0.5% of the bentonite binder,
was not influenced by the raw material fineness. This is because the wet strength
is mainly controlled by the viscous forces of the binder liquid. Raw material
fineness could, however, influence the nucleation and growth rate in balling. Dry
strength was not influenced by the raw material fineness or the green pellet
porosity; unless the green pellets contained entrapped air bubbles. Dry strength
was completely controlled by the amount of the bentonite binder.

5. A marked degradation in green pellet mechanical strength both in wet and dry
states was found in the presence of a surface-active flotation collector reagent.
This loss in green pellet quality was explained by a strong attachment of air
bubbles in the green pellet structure. High-speed camera images showed multi-
breakage patterns, which explains the increased generation of dust observed at the
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pellet plant. The breakage follows the weakest path. Breakage took place by crack
propagation between the air bubbles, rather than through a loss of the capillary
forces. The negative effects of the flotation collector reagent on agglomeration
diminished during storage of the pellet feed. The results emphasize the
importance of minimizing the reagent dosages in flotation and maximizing the
residence time of the pellet feed in the homogenizing storage before balling.

6. The dilatation measurements showed contraction during oxidation in green
pellets balled with 0.5% bentonite. Total shrinkage during oxidation between 330
and 900oC was 0.5%. This shrinkage was not influenced by the raw material
fineness or the original porosity in pellets. Simultaneously with the contraction
during formation of the hematite shell, thermal expansion in the un-oxidized
magnetite core was measured. Sintering started earlier in the magnetite core
(950 shell (1100 . The sintering rate increased
with increasing fineness in the magnetite concentrate. The difference in sintering
rates between the magnetite core and the hematite shell was largest at 1100 and
increased with increasing fineness in the magnetite concentrate. A finer grind in
the raw material would, therefore, promote the formation of the un-wanted duplex
structures with a more heavily sintered core pulling off from the shell.

7. Combining the results from the oxidation and dilatation studies revealed new
information about the rate limiting factors in oxidation of iron ore pellets. At
1100oC, the diffusion rate of oxygen was limited by sintering in the magnetite
core, taking place oxidation rather than by the diffusion rate of oxygen
through the oxidized hematite shell, as has been claimed in earlier literature. The
oxidation rate was at maximum at around 1100oC. At 1200oC, the rate of
oxidation substantially decreased because both the hematite shell and the
magnetite core show heavy sintering at this temperature. The results illustrate that
the temperature range for optimal oxidation is very narrow. 1100oC is the
temperature required for complete oxidation in particles and soon after 1200oC
the increased dissociation pressure and severe sintering slow down the oxidation
rate.

8. At constant porosity in green pellets, the oxidation time increased as the
magnetite concentrate became finer, because of the enhanced sintering. In
practical balling, however, the increase in fineness would necessitate the use of
more water in balling, which results in an increase in green pellet porosity. In the
laboratory oxidation measurements, these two opposite effects levelled out and
the oxidation time became constant when green pellets were balled at constant
plasticity, i.e. under realistic balling conditions. However, in a full scale
pelletizing process, differences in the duplex structure would still be expected.
This is because pellets are only partially oxidized before sintering in the kiln and
sintering was enhanced by a finer grind in the magnetite concentrate raw
materials.
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9. Olivine, which is used as an additive in LKAB blast furnace pellets, was found
to initiate the dissociation of hematite back to magnetite already at temperatures
that can occur during oxidation in the PH zone. The rate of dissociation was
largely influenced by the olivine fineness. If the dissociation temperature is
exceeded, the resulting decrease in oxidation rate would increase the size of the
un-oxidized core exposed to sintering before oxidation. Also, dilatometer
measurements showed opposite thermal volume changes in the oxidized hematite
shell and in the magnetite core in the presence of olivine. Dissociation caused a
large volume increase in the oxidized hematite shell, while the olivine addition
further enhanced the sintering of the magnetite core. These mechanisms lead to
increased structural stress between the hematite shell and the magnetite core.

10. The knowledge about the negative influence of finely ground olivine on the
oxidation in pellets was applied at the LKAB Svappavaara pelletizing plant. The
control value for the grinding of olivine was decreased from 72 to 65 % -45
The pellet low-temperature reduction strength (LTD, ISO 13930) measured on
pellets sampled on a daily basis at the pelletizing plant showed an increase from
92 2 to 95 1 (1 ) %+6.3 mm. This can be considered a marked improvement.
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Some suggestions for future research objects are given below.

1. The available theory failed to describe the binding mechanisms in wet iron ore
green pellets under industrial balling conditions. Fundamental research combined
with practical balling experiments is suggested as a viable route for updating the
theoretical knowledge.

2. The knowledge gained in this thesis on green pellet properties should be
applied to investigate the dynamics in balling in relation to variations in raw
materials. It would be of special interest to study balling and green pellet
behaviour when the specific surface area falls below the
ballability (around 9500 cm2/cm3 in LKAB pellet feeds).

3. Wetting properties of the pelletizing raw materials are of vast importance for
the agglomeration of iron ore. Further studies regarding the behaviour of surface-
active agents, especially flotation collector reagents, during agglomeration are
necessary. Fundamental research to explain the principal mechanisms as well as
applied research to minimize the disadvantages of flotation in agglomeration are
needed.

4. Oxidation studies combining different partial pressures of oxygen with
variations in the magnetite concentrate fineness would be of interest. A fast
temperature measurement showing the actual temperature profile through the
whole pellet during oxidation would constitute a breakthrough in further research
within this area.

5. Additives are used in iron ore pellets. Additives can lead to step-wise changes
in oxidation and dilatation in magnetite iron ore pellets. The extent of these
effects should be studied further.
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Abstract

Porosity is a very important property of iron ore green pellets. At LKAB, the mercury porosimeter was replaced some years ago by the

GeoPyc instrument, in which the sample volume is measured by packing in silica sand. Some critical features of the GeoPyc measurement are

pointed out in this study. The green pellets need to be strengthened by spraying with a fast-drying lacquer before measurement. A system for

continuous instrument control is needed to detect any wear on the measuring tools that might lead to erroneous measurement results. The

reproducibility measured on steel spheres was T 1% (2r), which is equal to the reproducibility given by the instrument manufacturer. The

reproducibility measured on lacquer-strengthened green pellets used as in-house reference samples was, however, much better, T 0.3% (2r).
The calibration error against mercury porosimetry was improved from T 0.6% to T 0.2% (2r) after introducing the changes specified in the

text. The GeoPyc instrument is easy to use and the problematic handling of mercury is avoided.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Luossavaara-Kiirunavaara (LKAB) produces yearly

about 15 million tonnes of iron ore pellets for the steel

industry worldwide. The pellets are produced by balling

iron ore concentrates to green pellets with around 9%

humidity. The green pellets are then dried and sintered.

LKAB pellet concentrates are magnetite and oxidize

exothermally to hematite during sintering. Porosity is a

very important property of green pellets. Lower porosity

leads to a better particle–particle contact, but obstructs the

diffusion of oxygen throughout the green pellet during

oxidation.

Porosity in green pellets is traditionally measured by a

mercury porosimeter. The use of mercury is, however, not

desirable. At LKAB, the mercury porosimeter was taken out

of use in 1998. Since then, green pellet porosity has been

measured using the GeoPyc instrument. The reducibility of

the GeoPyc measurement has been approximately T 0.7%-

units in porosity. The whole measuring range in green pellet

porosity is only about 3%-units, between 30% and 33%.

Therefore, it was of interest to determine whether the

reproducibility of the GeoPyc measuring method could be

improved. The results indeed pointed out some critical

features, which has led to a considerable improvement. No

earlier literature dealing with the reproducibility of this

method, when applied to iron ore pellets or green pellets,

was found.

2. Materials and methods

LKAB magnetite pellet concentrate from Svappavaara

(SPC) was used to prepare green pellets of varying porosity
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and dry strength by micro-balling. Micro-balling was done

in a laboratory-scale balling drum with a 0.8 m diameter, in

6-kg batches. After adjusting the humidity in the pellet

concentrate, the bentonite binder was added. The obtained

pellet feed was first balled to seeds, 3.5 to 5 mm in diameter.

The seeds were then balled to green pellets. The green

pellets were sieved between 10 and 12.5 mm before drying.

The dried green pellets were used in the porosity measure-

ment. The porosity in the green pellets was varied by

varying the green pellet humidity between 8.4% and 9.4%.

The green pellet dry compression strength was varied by

adding different amounts of bentonite, 0.2% to 1.5%.

The absolute density of particles is used in the calculation

of the green pellet porosity. The particle density was

analysed by using the AccuPyc 1330 gas displacement

pycnometer (Micromeritics Inc., USA). The volume of the

measuring chamber was 12 cm3. The inert gas was helium

6.0 (99.99990%). The instrument manufacturer states a

typical reproducibility of T 0.01% of the nominal full-scale

sample chamber volume [1], which gives an error of T 0.004
g/cm3 when the sample chamber is fully filled with

magnetite concentrate powder. This error in the density

determination leads to an error of T 0.06% in porosity,

which is negligible. Initially, the particle densities tended to

be too high and instable. This was because the bentonite

binder is very hygroscopic, which makes the green pellet

samples susceptible to humidity re-absorption after drying.

In the presence of rest-humidity, the error in density

measurement could appear already in the second decimal

and cause an appreciable error in the porosity calculation.

The following sample pre-treatment and measurement

procedure resulted in an error of T 0.004 g/cm3 in the

density determination. The dried green pellet samples were

crushed in a mortar, so that the AccuPyc measuring chamber

could be fully filled with the sample. The crushed sample

was then re-dried at 105 -C for at least 4 h, preferably

overnight. The samples were cooled and stored in a

desiccator before the AccuPyc measurement. The AccuPyc

sample chamber was flushed with helium at least 15 times to

replace all air before starting the measurement. The

stabilization level for the chamber pressure was set to 3.45

Pa/min (0.0005 psig/min). The instrument carried out five

measuring cycles to calculate the mean value for particle

density. The difference between the first and last measure-

ments was expected to appear in the third decimal,

otherwise a new sample was prepared.

GeoPyc 1360 (Micromeritics Inc., USA) and Autoscan

(Quantachrome Instruments, USA) instruments were used

for the porosity measurements. In the GeoPyc instrument,

the sample volume is analyzed by packing the sample in

silica sand, DryFlo (registered trademark, Micromeritics

Inc., USA). A schematic drawing of the measuring device is

shown in Fig. 1 [2]. First, the sample chamber is filled with

sand only and packed under rotating movement to desired

pressure. From the position of the piston, the volume of the

sand is calculated (Blank measurement). Thereafter, the

sample chamber is opened and the weighed sample is

transferred inside the sample chamber. The packing to

desired pressure is repeated. Then, the total volume of sand

and sample is measured (Sample measurement). From the

difference in volume between the Sample and Blank

measurements, the sample envelope volume is calculated.

The porosity is calculated by subtracting the volume of

particles from the envelope volume according to Eq. (1).

Sample chambers of varying sizes are available. For the

measurement of iron ore green pellets, the largest chamber

(50.8 mm in diameter) was chosen. The standard packing

pressure of 145 N for this chamber was used. The amount of

sample was about 100 g, the amount of DryFlo sand was

exactly 30.0 g.

e ¼ Ve � m=qað Þ=Ve ð1Þ
where e =fractional porosity, Ve=envelope volume, m =

sample mass, qa=absolute density (particle density).

In the Autoscan filling apparatus, the envelope volume is

measured by using mercury. Sample cells of about 7 cm3 in

volume were used. The exact cell volume was measured by

weighing a sealed empty cell and a sealed cell filled with

mercury. Six green pellets, 10 mm in diameter, were

measured at a time. The dry green pellets were sprayed

with ordinary hair spray in order to prevent abrasion of the

pellets during filling with mercury. After spraying, the

pellets were re-dried at 105 -C for 4 h, cooled and stored in

a desiccator before starting the measurement. The sample

cell was loaded with the pellets, and then the cell was

sealed, weighed and mounted in the filling apparatus. The

sample cell was then evacuated down to 50–60 Am Hg and

kept at this pressure for 30–40 min. When the evacuation

Fig. 1. A schematic drawing of the GeoPyc instrument.
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was completed, the cell was filled with mercury by slowly

increasing the pressure in the vacuum jar. The pressure was

increased to about 165 kPa in order to ensure proper filling.

The sample cell was then re-weighed and the envelope

volume was calculated. The porosity is calculated by

subtracting the volume of particles from the envelope

volume according to Eq. (1). By using the Washburn

equation [3] shown in Eq. (2), it could be estimated that in

the Autoscan filling apparatus, pores greater than about 9

Am in diameter were filled with mercury. According to

earlier knowledge, the pore openings in iron ore green

pellets are typically in the range of 1 to 2 Am. Therefore, the

mercury did not intrude inside the pores in the green pellets.

d ¼ � 4c
p
cosh ð2Þ

where p =applied pressure (MPa), d =pore diameter (Am),

c =surface tension of mercury (0.48 N m� 1), h =contact
angle between mercury and pore wall (140.0-).

3. Results

3.1. Sample preparation: strengthening of the green pellets

During the GeoPyc measurement, the sample chamber is

rotated to help the sand to pack properly around the sample.

This mechanical movement causes abrasion of the green

pellets. The green pellet envelope volume decreases and the

detected porosity becomes too low. Also, due to the erosion,

magnetite concentrate particles get mixed in the DryFlo

sand. Therefore, to strengthen them, the green pellets were

sprayed with a fast drying lacquer (Servalack, Alcro,

Sweden). Both transparent and pigmented Servalack is

available. The Servalack lacquer with white pigment was

found practical, because the lacquer coverage on the green

pellets is visible. Three to five rounds with the lacquer

spray, while shaking the pellets slightly in between to

prevent them from fastening on the sample tray, was found

suitable. The manufacturer gives a drying time of 5 min.

However, the smell of the organic solvent takes all night to

dissipate. The sample pre-treatment had to be done in a

fume cupboard.

Ordinary hair spray and a marking spray (Mercalin RS

marking spray, Geveco Industri AB, Sweden) were tested

for strengthening the green pellets as well. The marking

spray formed excessively large droplets and the green

pellets tended to fasten on the bottom of the sample tray.

Ordinary hair spray did not increase the green pellet

strength enough, but the very finely divided spray proved

advantageous when treating green pellets balled with an

organic binder (Alcotac Fe13). In green pellets balled with

the organic binder, the Servalack lacquer penetrated inside

the pores and the green pellets remained black even after

several flushes with the white lacquer. When the lacquer

then started to dry, the green pellets tended to erode by

flaking from the outer surface. This was remedied by

spraying slightly with hair spray before the lacquer was

applied.

The porosity measured by the GeoPyc instrument on

untreated green pellets and on lacquer-strengthened green

pellets is shown in Fig. 2. The results show that there is a

distinct difference in the results; the lacquer-treated green

pellets showing systematically higher porosity values.

Drawing this difference against the dry compression

strength of the green pellets confirms that as the green

pellets become weaker, they erode to an increasing degree

during the GeoPyc measurement, see Fig. 3. This would

lead to erroneous conclusions when, for example, porosity

in green pellets with different binders and with different dry

strengths is studied. The Servalack lacquer treatment

prevents this systematic error and helps to keep the chamber

and the DryFlo sand cleaner.

3.2. Number of preparation cycles: consistent packing

In the GeoPyc instrument, the consolidation by a specific

force is repeated several times in order to get consistent

packing. The consolidation cycles, which are done before

the actual measurement is started, are called preparation

cycles. The consolidation cycles, which are used to calculate

the mean value for the envelope volume, are called

measuring cycles. A high number of consolidation cycles

increase the measuring time, but give a more reproducible

packing. The number of consolidation cycles needed for

iron ore green pellets was studied using lacquerized green

pellets. The increase in the envelope volume as a function of

the number of consolidation cycles is shown in Fig. 4. At

least 20 consolidation cycles are necessary before constant

envelope volume is reached. In the operator’s manual, five

preparation cycles is recommended as a good starting

number [2]. These results show that the number of

preparation cycles needed for iron ore green pellets is

appreciably higher. The number of preparation cycles was

Fig. 2. Porosity measured by the GeoPyc instrument on untreated and on

lacquer-strengthened iron ore green pellets. Conversion Factor=2.064.
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chosen to be 20 and the number of measuring cycles was

chosen to be 5. One complete measurement then takes about

20 min.

3.3. Cleanliness of the measuring chamber

When the first repeatability tests were run, clearly

diverging porosity values were occasionally obtained.

Often, the porosity was appreciably lower than average. It

seemed as if the piston would have met increased friction

and reached the packing force without actually fully packing

the sand. One example of such a situation is given in Fig. 5.

The GeoPyc instrument registers the movement of the

piston as the number of counts. As the piston advances

deeper into the sample cylinder, the number of counts

increases. In Fig. 5, the increase in counts during four

subsequent Blank runs as a function of the number of

consolidation cycles is shown. During run number 2, the

number of counts increased by only 30 counts compared to

100 counts on average. Even in run number 3, the increase

in counts was somewhat lower than average. After we

started cleaning both the sample chamber and the piston

with ethanol before each measurement, this problem

vanished. The measuring chamber used in these tests was

a new one. Two older measuring tools, which had been used

for measuring green pellets without strengthening with the

lacquer, showed occasional problems with non-consistent

packing, in spite of rigorous cleaning with ethanol. Magnet-

ite and hematite particles are highly abrasive and had

probably damaged the piston. They were replaced by new

ones. In the operator’s manual, occasional cleaning with

alcohol is recommended [2]. When measuring iron ore

green pellet samples, regular cleaning with alcohol is

mandatory. Continuous instrument control was built up to

ensure that any possible damage to the piston would be

detected before it led to erroneous porosity values.

3.4. Reproducibility

The reproducibility of the GeoPyc instrument was

studied in different ways. At first, the reproducibility in

consolidating the DryFlo sand without sample was meas-

ured, according to instructions from the instrument manu-

facturer. The sample weight was given as zero and the Blank

measurement was done as usual. When the instrument

requested a sample, the measuring chamber was taken out of

the instrument, but the piston was not drawn out of the

chamber. The operator shook the measuring chamber

slightly to mix the sand and then loaded it back to the

instrument. The Sample measurement was, again, done as

usual. The difference in counts between the Blank and

Sample measurements should obviously be very small. The

results are shown in Table 1. Interestingly, the mean value of

this difference was not zero, but T 0.05 cm3. This means that

during the Sample measurement, the volume of the sand

Total number of consolidation cycles

Envelope volume, cm3
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27,80

Fig. 4. Increase in the envelope volume measured by the GeoPyc

instrument as a function of the number of consolidation cycles. The first

five consolidation cycles were run as preparation cycles and were not

registered.
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Fig. 5. The increase in counts during five subsequent Blank runs as a

function of the number of the consolidation cycles. Five preparation cycles

were run before the registration of data was started.

Dry compression strength, N/pellet

Difference in porosity, %-units

0 20 40 60 80 100 120
-0,2

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

Fig. 3. The difference in porosity between lacquer-strengthened and

untreated green pellets as a function of the green pellets dry compression

strength. The samples are microballed green pellets and some green pellets

from the LKAB Kiruna production plant.
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was systematically slightly larger. This difference is

probably dependent on how the operator mixes the sand

between the Blank and Sample measurements. The repro-

ducibility of the measurement without sample was T 0.05

cm3 (2r), which corresponds to an error of 0.3%-units in

porosity with a sample volume of 28 cm3. This is the same

value given by the instrument manufacturer as the reprodu-

cibility caused by the non-ideal behaviour of the DryFlo

sand [4].

The reproducibility was also measured using different

steel spheres, one large sphere (D =38 mm), alternatively

several small spheres (60 pcs, D =10 mm). Both samples

had approximately the same volume as our green pellet

samples (around 30 cm3). In the large steel sphere sample,

the sample surface area per sample volume was at

minimum. In the sample with the small steel spheres, the

sample surface area per sample volume was appreciably

larger. The results are shown in Table 1. No difference

between these two samples was found. The surface area/

volume ratio did not influence the repeatability in packing.

The reproducibility in both samples was T 1%-unit in

porosity (2r). This is the same value given by the

instrument manufacturer [4], extracted in this case from

measurements on glass spheres. Such a large spread in the

porosity results would be quite unsatisfactory for the

measurement of porosity in green pellets, because it covers

almost the whole measuring range (3%-units in porosity).

We prepared reference samples of our own by spraying

much extra lacquer on some green pellet samples (around

eight spray flushes per sample). They were almost white on

the surface and lost practically no weight during the GeoPyc

measurement. No systematic change in the porosity of a

reference sample could be seen after 15 measurements, see

Fig. 6. The reproducibility for this reference sample was

much better than that for the steel spheres, as shown in

Table 1. The reproducibility for the in-house reference

sample was T 0.3%-units in porosity (2r). It may be the case

that packing of the DryFlo sand against the very smooth

steel or glass surfaces is not optimal. One possibility could

be that some static electricity is formed as the silica particles

glide along the steel surfaces. Clearly, a more repeatable

packing is achieved against the rougher green pellet

surfaces. The reproducibility obtained with the in-house

reference samples is quite satisfactory for porosity measure-

ment in green pellets.

Also, the difference between parallel samples was

measured by preparing several lots of the same original

green pellet sample. The results from these measurements

are shown in Table 1, as well. The difference between

parallel samples was the same as the reproducibility within

one sample (T 0.3%-units). Consequently, the samples can

be considered homogeneous and no further accuracy can be

achieved by preparing several parallel samples. Instead, at

least two parallel measurements are done on each individual

sample. The results should not differ more than 0.4%-units

(3r), otherwise additional measurements on the same

sample need to be done. Studies on a large number of

process samples have shown that three parallel measure-

ments are very seldom needed, as long as the piston is

undamaged.

The GeoPyc manual [2] recommends changing of the

DryFlo sand after each measurement, because the sand

contains small amounts of a graphitic lubricant, which is

consumed. This would, however, consume considerable

amounts of the expensive sand. During the repeatability

tests, more than 30 samples with the same sand were run

without any change in the result levels. Therefore, we

decided to change the DryFlo sand after each 20 to 30

measurements, which means that the sand is changed once a

day.

3.5. Instrument control

At the start of the working day, the sand is changed and a

control measurement without sample is made. The envelope

volume should fall between 0.05T0.08 cm3 (3r). One of the
in-house reference samples is measured once a week to

ensure that the calibration level is not changed. Also, each

new sample cylinder and piston are treated as an individual

pair and checked with the reference sample before being

taken into use. By now, five different measuring cylinders in

Table 1

A summary on results obtained from the reproducibility studies

Sample PorosityT2r (%) VeT2r (cm3)

Without sample 0.05T0.05 (n =5)

Large steel sphere + 0.7T1.0 (n =12)

Small steel spheres � 0.3T0.9 (n =9)

In-house reference sample.

Reproducibility within

one sample.

32.9T0.3 (n =15)

In-house reference sample.

Reproducibility between

parallel samples.

32.6T0.2 (n =9)

Ve=envelope volume. n =number of experiments.

Fig. 6. Repeated measurements on a green pellet in-house reference sample.

Conversion Factor=2.064.
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two separate GeoPyc instruments have been checked and no

significant difference between the cylinders or the instru-

ments has been found.

The GeoPyc measurement is very dependent on con-

sistency in handling of the instrument, as is also pointed out

in the user manual [2]. All operators need to follow exactly

the same procedure to achieve good reproducibility in

measurements. Therefore, the operators are individually

trained before they start running real samples and a kind of

‘‘driving licence’’ is issued.

3.6. Calibration against mercury porosimetry

In the GeoPyc instrument, a so-called Conversion Factor

is used. This factor is primarily used to calculate the sample

volume from the position of the piston. Some friction

between the cylinder wall and the piston is also assumed.

The theoretical Conversion Factor for the cylinder used in

this work (D =50.8 mm) is 2.0373. The conversion factor

can also be used to adjust the level of the porosity values

obtained from the GeoPyc instrument to some other

measuring method—in our case, the mercury porosimeter.

A one-unit change in the second decimal of the Conversion

Factor changes the porosity value by 0.2%-units. Once the

level for the Conversion Factor has been chosen, it should

be changed only after serious consideration.

Green pellet samples with varying porosities were

measured by the GeoPyc instrument and by a mercury

porosimeter. The results are shown in Fig. 7. The calibration

error was T 0.2%-units. The green pellets containing only

0.2% bentonite were very weak and tended to break in the

mercury porosimeter. Therefore, this value was excluded

from the results. The level difference between the GeoPyc

and mercury porosimeter results was 0.9%-units in porosity.

The corresponding new Conversion Factor that calibrates

the GeoPyc measurements to the same level with the

mercury porosimeter can be calculated from Eq. (3), and

then becomes 2.064. This Conversion Factor is now used in

all GeoPyc measurements of the green pellets.

CFnew ¼ CFold

1� eold
1� enew

ð3Þ

where CFold, CFnew=old and new Conversion Factor,

respectively, eold, enew=old and new fractional porosity,

respectively.

The improvement in the reproducibility of the GeoPyc

measurement after introducing the changes described in this

study is shown in Fig. 8. The calibration accuracy against

the mercury porosimeter was improved from T 0.6% to

T 0.2%-units in porosity. The difference in the result levels

is a sum of different factors. Earlier, a smaller sample

chamber was used. The Conversion Factor was obtained

from measurements against the large steel sphere and was

larger than obtained when calibrated against the mercury

porosimeter. The particle density values were somewhat too

high in the samples measured before the method develop-

ment was started. Also, the strengthening of the green

pellets with a lacquer before the GeoPyc measurement

influenced the result levels.

4. Conclusions

In order to achieve acceptable repeatability in porosity

measurements on iron ore green pellets using the GeoPyc

instrument, the green pellets must be strengthened by

spraying with a lacquer before measurement. The number

of consolidation cycles before starting the measurement

should be high, at least 20. The sample cylinder and piston

need to be wiped with ethanol before each measurement. A

system for continuous instrument control is needed to detect

any wear on the measuring tools that might lead to

erroneous results. Operators are individually trained to

achieve consistency in sample handling. The error in

Porosity by mercury porosimeter, %

Porosity by GeoPyc, %
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r = 0.972
residuals = 0.2%

0.2% bentonite
(excluded)

x = y

Fig. 7. Calibration of the GeoPyc porosity measurement against mercury

porosimeter measurements. Lacquered, microballed iron ore green pellets.

The GeoPyc results are calculated using the theoretical Conversion Factor

(2.037).
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Fig. 8. Porosity measured by the GeoPyc instrument before and after

introducing the changes specified in this study, against mercury porosimeter

measurements. The GeoPyc measurements are calculated by the calibrated

Conversion Factor, 2.064.
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particle density determination should appear only in the

third decimal.

After introducing these changes, the GeoPyc instrument

has given highly satisfactory results on iron ore green

pellets. Calibration against mercury porosimetry showed an

error of 0.2%-units in porosity. The reproducibility of the

GeoPyc measurements was T 0.3%-units (2r) measured on

in-house reference samples. The GeoPyc instrument is easy

to use and the problematic handling of mercury is avoided.

In this work, the applicability of the GeoPyc measuring

method was studied exclusively with green pellets. How-

ever, the results are applicable for the measurement of

porosity in sintered and reduced pellets, as well. In that case,

it is not necessary to spray the pellets with a lacquer to

strengthen them, but it is necessary to prevent the abrasive

hematite dust from getting mixed with the DryFlo sand.
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Abstract

Oxidation of magnetite pellet concentrates (from LKAB, Sweden) during drying and storage was studied using

thermogravimetric analysis (TGA). The Fe2+content of a standard LKAB pellet feed decreased by 0.2% during heat treatment at

105 8C for 2 days. The results indicate that magnetite concentrates of pelletizing fineness already start to oxidize to g-hematite

during drying at 105 8C, although 105 8C is recommended by ISO 7764 and ISO 3087 and given as the maximum allowable

drying temperature in ISO 3082. The importance of drying time for the amount of magnetite oxidized should also be

recognized, but is not mentioned in the ISO standards. The sensitivity of magnetite particles for oxidation during drying could

not be predicted by measuring the BET surface area. A simple isothermal TGA run gives exact experimental data and is

recommended as a standard procedure before choosing the drying temperature for magnetite concentrate samples.

Oxidation during storage at room temperature was observed as well. The Fe2+content in a standard Luossavaara-

Kiirunavaara (LKAB) pellet feed decreased by 0.3% Fe2+during 4 years of storage at room temperature. Oxidation during

storage was completely hindered when the samples were stored in a freezer at �50 8C. Therefore, freezer storage is

recommended for all magnetite reference materials. These materials are used over several years and are especially susceptible to

oxidation because they are usually finely ground and high in Fe2+content. The results also show that if the magnetite sample has

partly oxidized to g-hematite, the oxidation curve obtained by TGA will overestimate the Fe2+content of the sample, if

background correction is necessary.

D 2004 Elsevier B.V. All rights reserved.

Keywords: magnetite; oxidation; thermogravimetric analysis; agglomeration; particle size

1. Introduction

The oxidation of magnetite mineral particles has

been widely studied because of its great importance in

the industrial production of iron ore pellets. The

oxidation reaction is highly exothermic and actually

provides more than two-thirds of the total sintering

0301-7516/$ - see front matter D 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.minpro.2004.08.010

* Fax: +46 970 30617.

E-mail address: seija.forsmo@LKAB.com.
1 Part of a doctoral thesis project, Lule3 University of

Technology, Division of Process Metallurgy.

Int. J. Miner. Process. 75 (2005) 135–144

www.elsevier.com/locate/ijminpro

mailto:forsmo@LKAB.com
http://www.elsevier.com/locate/ijminpro


energy in pelletizing. The oxidation reaction of

magnetite to hematite follows Eq. (1).

4Fe3O4 þ O2 ¼ 6Fe2O3 ð1Þ
The oxidation of magnetite particles takes place in

two main steps. The first oxidation step runs at low

temperatures, below 350 8C. The second step starts

soon after the low-temperature oxidation is finished

and is completed between 900 and 1100 8C in

magnetite concentrates of typical pelletizing fineness.

Dissociation of hematite back to magnetite starts

around or above 1200 8C, depending on the purity of

the hematite phase (Forsmo and Hägglund, 2002).

Typical thermogravimetric oxidation curves (TGA/

DTG) for magnetite concentrates are shown later in

Fig. 3.

Naturally, in the pelletizing process, the oxidation

of magnetite at high temperatures, above 900 8C, is of
particular interest. However, the low-temperature

oxidation occurs relatively quickly and converts up

to 15% of all magnetite to hematite. The temperature

in the last drying zone of the pelletizing machine, in

the upper part of the pellet bed, is high enough for the

low-temperature oxidation to start. Pre-oxidation in

the drying zone would consequently change the

oxidation pattern of pellets at high temperatures.

Initial thermogravimetric (TGA) measurements to

characterize the low-temperature oxidation in magnet-

ite concentrate powders showed instability and

unexplained behaviour. This observation led to further

studies on thermal stability of magnetite concentrate

powders during storage and drying.

The oxidation of sub-micron-size magnetite par-

ticles at room temperature has been verified earlier

(Haneda and Morrish, 1977; Gedikoglu, 1983). These

studies have been done using either synthetic magnet-

ite or a separated fine fraction from ground magnetite

mineral concentrate. Industrial pellet feeds often show

wide particle size distributions with a pronounced fine

particle fraction because this is advantageous for the

subsequent agglomeration process. The aim of this

work was to determine whether magnetite concen-

trates of typical pelletizing fineness could contain

such a high portion of sub-micron-size particles that

measurable oxidation during storage at room temper-

ature or during drying at 105 8C could be observed.

This would result in erroneous results regarding the

Fe2+content in the samples. In addition, superficial

oxidation would change the surface chemical proper-

ties of the magnetite particles to those of hematite.

This could change the particle behaviour in flotation

studies, for example. Finally, oxidation during storage

or drying appeared to have an influence on the TGA

curves of magnetite. These changes in the TGA

curves could lead to erroneous calculations if their

origin is not understood.

2. Materials

The studied magnetite concentrates were from

LKAB’s (Luossavaara-Kiirunavaara, Sweden) con-

centrating plants at Kiruna and Malmberget. The

Kiruna pellet concentrate (KPC) is produced from the

Kiruna magnetite ore mineralization by wet grinding

in closed circuit with hydrocyclones. The Malmberget

pellet concentrate (MPC) is produced from the

Malmberget magnetite ore by wet ball mill grinding

in an open grinding circuit. Differences in the grind-

ing processes for KPC and MPC lead to different

particle size distributions. The particle size distribu-

tion for MPC is wider compared to KPC. Typical

sieving analysis values for KPC and MPC are given in

Table 1. Both concentrates typically contain 71% Fe,

23% Fe2+and 0.6% SiO2.

3. Methods

The oxidation of pure magnetite leads to a weight

gain of 3.455%. Due to the large weight gain,

thermogravimetric analysis (TGA) was found suitable

for the oxidation studies. TGA measurements were

done using Setaram 92-16 thermobalance. Open,

shallow platinum crucibles with a volume of 130 Al
were used. The sample size was 105F5 mg. In non-

isothermal measurements, a heating rate of 5 8C/min

was used. Nitrogen (99.99990% N2) was used as the

inert gas, and 10.0F0.1% O2 in N2 was used as the

oxidizing gas. The gas flow rate for both gases was

about 40 cm3/min (20 8C). The TGA measurements

were started by pumping a vacuum of 10 Pa. The

measuring chamber was then flushed with nitrogen for

2.5 h preceding a TGA run under N2 atmosphere and

for 0.5 h preceding an oxidizing TGA run. During

flushing, the furnace temperature was stabilized at
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+40 8C. The sample was then flushed with either

reactive gas or inert gas for a further 5 min before the

heating sequence was started.

The wet-chemical analysis of the Fe2+concentra-

tion in the magnetite samples was done by titration

with K2Cr2O7 standard solution after dissolution in

hydrochloric acid. BET-surface-area analysis was

done with a Micromeritics ASAP 2010 multipoint

instrument using nitrogen as the adsorbing gas.

Degassing was done by evacuating and heating the

samples at 300 8C for 24 h. The long degassing time

was found necessary in order to achieve precise

measurements.

4. Results and discussion

4.1. A short review of earlier literature on the low-

temperature oxidation of magnetite

In view of current knowledge, the low-temperature

oxidation of colloidal magnetite particles produces g-
hematite, also called maghemite, as the only oxidation

product at temperatures below about 500 8C (Gillot et

al., 1978). The mechanism of low-temperature oxida-

tion of magnetite to g-hematite has been explained by

Gillot et al. (1986). g-Hematite has a cubic crystal

structure similar to that of magnetite. Magnetite and

g-hematite are actually known to be the final points of

a broad variety of spinel type iron oxides with

different vacancy densities. The cell constant in

magnetite, partially oxidized at low temperatures,

varies between 8.396 2 for pure magnetite and

8.336 2 for pure g-hematite (Nasrazadani and Raman,

1993). Heating above 500 8C converts the g-hematite

to a-hematite with a hexagonal crystal structure. Like

magnetite, g-hematite is magnetic.

In the case of larger, non-colloidal magnetite

particles, it is now generally agreed that a stepwise

oxidation mechanism takes place (Lepp, 1957; Gillot

et al., 1978; Cornell and Schwertmann, 1996). The

low-temperature oxidation starts by initial formation

of g-hematite followed by a spontaneous nucleation of

a-hematite arising from increasing structural stress in

the g-hematite layer. After nucleation, the low-

temperature oxidation proceeds with a-hematite as

the oxidation product. Nasrazadani and Raman (1993)

also suggest that all oxidation of magnetite passes

through the g-hematite step, the transformation from

g- to a-hematite occurring very quickly at higher

temperatures.

4.2. Oxidation of magnetite pellet concentrates during

drying

The LKAB magnetite pellet concentrates are wet

ground and therefore sampled as slurries. The samples

should not be filtered before drying because part of

the fine tail would be lost. The slurry samples are

normally dried at 105 8C in accordance with the ISO

3082 standard before homogenizing and division to

subsamples. Because of the large amount of water,

drying takes a few days. Typical LKAB Kiruna and

Malmberget magnetite pellet concentrate samples

(KPC and MPC, respectively) were sampled, freeze-

dried and studied by TGA.

Possible oxidation during drying was studied by

running the KPC and MPC samples in TGA

isothermally at 75, 105 and 130 8C for 48 h under

oxidizing conditions. The corresponding weight gain

curves are shown in Figs. 1 and 2. At 75 8C, no

oxidation could be seen. During heat treatment at 105

8C for 48 h, the weight gain in the KPC sample was

hardly measurable (0.07% Fe2+), while that in the

MPC sample was distinct (0.19% Fe2+), especially

during the first 24 h. When the temperature was raised

to 130 8C, the KPC sample also showed distinct

oxidation (0.17% Fe2+), and the MPC sample

oxidized considerably (0.32% Fe2+).

The above-stated difference in oxidation behaviour

between KPC and MPC during drying was somewhat

surprising, because the BET surface areas were similar

in these two samples (0.507 and 0.501 m2/g, respec-

tively). The conclusion is that the particle surface area

in the MPC sample was, for some reason, more readily

available for oxidation than that in the KPC sample.

This can also be seen in non-isothermal TGA

oxidation curves for the same two samples, as shown

in Fig. 3. The low-temperature oxidation in MPC starts

Table 1

Typical sieving analysis values for KPC and MPC

%—45

Am
%—63

Am
%—90

Am
%—125

Am
%—180

Am

KPC 84.9 94.2 98.3 99.6 99.8

MPC 68.6 79.8 90.5 96.8 99.4
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earlier and leads to a higher oxidation grade than in

KPC. Conversion after low-temperature oxidation was

14.8% for MPC and only 11.2% for KPC. The

sensitivity of a magnetite sample to low-temperature

oxidation is naturally dependent on the particle size

distribution and especially the fine tail, but is probably

influenced by the magnetite ore mineralogy as well.

A simple isothermal TGA run gives quantitative

experimental data on the sensitivity of the magnetite

sample to oxidation during drying. An isothermal

TGA run is therefore recommended as standard

procedure before choosing the drying temperature.

4.3. Oxidation of magnetite pellet concentrate

particles during storage

A magnetite pellet concentrate sample was col-

lected from the LKAB Malmberget production plant

Fig. 2. TGA curves for the heat treatment of the MPC sample at 75, 105 and 130 8C for 48 h under oxidizing atmosphere.

Fig. 1. TGA curves for the heat treatment of the KPC sample at 75, 105 and 130 8C for 48 h under oxidizing atmosphere.

S.P.E. Forsmo / Int. J. Miner. Process. 75 (2005) 135–144138



(MPC). The sample was filtered in a Buchner funnel,

and the filter cake was divided into two parallel

samples. One part of the sample was allowed to dry at

room temperature and then stored in a paper sample

bag at room temperature. The other part was freeze-

dried and stored in a freezer at �50 8C. These two

samples were chemically analyzed directly after

sample preparation and showed 23.7% Fe2+. They

were also analyzed after 4 years of storage. The

sample stored in the freezer at �50 8C still showed

23.7% Fe2+, while the other sample stored at room

temperature showed only 23.4% Fe2+. The results

show that magnetite concentrate samples of pelletiz-

ing fineness are susceptible to oxidation during

storage at room temperature. The oxidation was

completely hindered when the samples were stored

in a freezer.

4.4. Influence of the low-temperature oxidation of

magnetite on the TGA curves

The same two MPC samples specified in the

previous chapter were also measured by TGA, first

directly after sample preparation and then more or less

regularly during the 4 years of storage. Observations

regarding changes in the TGA curves are reported

below.

4.4.1. Change in weight gain over the low-temper-

ature oxidation peak

The weight gain (dmL) over the low-temperature

oxidation peak as a function of varying storage time is

shown in Fig. 4. The sample stored at room temper-

ature showed gradually decreasing weight gain. After

4 years of storage, the dmL had decreased by 0.3%

Fe2+, which is the same difference as obtained from

the chemically analyzed Fe2+values. The dmL for the

Fig. 4. Low-temperature oxidation integral (dmL) as a function of

storage time for two parallel MPC samples. One was stored at room

temperature, the other in a freezer at �50 8C.

Fig. 3. Non-isothermal TG/DTG oxidation curves for KPC (solid lines) and MPC (dashed lines).
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parallel sample stored at �50 8C remained un-

changed. The repeatability of the dmL calculation

was F0.1% Fe2+ (2r).

4.4.2. Change in the shape of the low-temperature

oxidation peak in TGA

DTG curves over the low-temperature oxidation

peak of the MPC sample stored in a freezer at �50

8C for 0, 2 and 4 years are shown in Fig. 5. The

low-temperature oxidation starts creeping soon after

100 8C. One single DTG peak is obtained. No

change as a function of the storage time could be

seen.

Corresponding DTG curves for the other MPC

sample stored at room temperature for 0, 2 and 4

years are shown in Fig. 6. With increasing storage

time, the starting temperature for low-temperature

oxidation increases slightly. The explanation is that

the utmost fine tail has already been oxidized during

storage. The oxidation peak also shows a shoulder,

which is enhanced as the storage time increases. A

slight shoulder already appears in the sample marked

as b0 years,Q analyzed directly after the filter cake had

been dried at room temperature for about 1 week. It

seems that if part of the g-hematite oxidation has

taken place before running the TGA curve, the

remaining g-hematite oxidation and the a-hematite

nucleation peaks separate. Slow pre-oxidation at

room temperature could either enhance further g-
hematite oxidation, as suggested by Cavalieri et al.

(1986), or slightly retard the a-hematite nucleation.

Both these mechanisms would cause these two

otherwise completely overlapping reaction steps to

separate.

4.4.3. Change in the TGA curve under non-oxidizing

conditions

Non-isothermal TGA runs for the two MPC

samples (stored at �50 8C and at room temperature)

under nitrogen atmosphere are shown in Fig. 7. The

TGA curves for magnetite under non-oxidizing

conditions have not been discussed in earlier liter-

ature, although some essential effects need to be

considered. Understanding these effects is necessary if

background correction for the oxidation curve of the

magnetite sample is needed. Background correction

for the oxidation curve is necessary if the magnetite

concentrate contains carbonates, for example. For this

reason, the influence of the Curie point and g-
hematite dissociation is discussed below.

The influence of the Curie point under N2

atmosphere is well demonstrated by the DTG curve

for the MPC sample stored at�50 8C (see Fig. 7). The

DTG curve shows a broad weight loss band between

about 400 and 600 8C with a sharp overlying peak at

the exact Curie point. The broad band is due to

Fig. 5. The low-temperature oxidation peak for MPC stored at �50 8C for 0 years (solid line), 2 years (dashed line) and 4 years (dotted line).
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decreasing magnetic susceptibility as the temperature

increases and approaches the Curie point (Svoboda,

1987, p. 28). The Curie point was detected at 563 8C
for MPC and at 566 8C for KPC. These values differ

slightly from earlier literature values, 577 8C given by

Cornell and Schwertmann (1996, p. 117), 590 8C

given by Mackenzie (1970) and 585 8C measured by

Schmidt and Vermaas (1955). The differences could

be due to mineralogical differences between different

ore bodies (Svoboda, 1987, p. 36).

During the TGA run in nitrogen, the sample is

magnetite and highly magnetic when the Curie point

Fig 7. TG/DTG curves under nitrogen atmosphere for the MPC samples stored at �50 8C and at room temperature for 4 years.

Fig. 6. The low-temperature oxidation peak for MPC stored at room temperature for 0 years (solid line), 2 years (dashed line) and 4 years

(dotted line).
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is reached. The weight change at the Curie point

becomes therefore appreciable. However, when the

sample is run under oxidizing atmosphere, almost half

of the sample has already oxidized to hematite when

the Curie point is reached. For this reason, the weight

change at the Curie point under oxidizing atmosphere

is much smaller, often hardly visible. Applying

background correction on the oxidation TGA curve

of magnetite samples leads, therefore, to a slight

overestimation of the Fe2+content. Under the running

conditions used in this work, the weight loss under

non-oxidizing atmosphere caused by the Curie point

was calculated to be 0.035 dm-% (0.24% Fe2+) and

should be subtracted from the total oxidation weight

gain calculated from the background corrected oxida-

tion run.

The DTG curve for the MPC sample stored at room

temperature showed an additional broad weight loss

band between 200 8C and the Curie point. According

to Wells (1984, p. 552), g-hematite dissociates back to

magnetite at 250 8C in vacuo. It is reasonable to

expect that this dissociation takes place even under

nitrogen atmosphere with extremely low oxygen

content. These conditions are met during the back-

ground run in TGA (99.99990% N2). The broadness

of the dissociation band reveals that the reaction rate

is quite slow. A weight loss in the background run

results in a corresponding weight gain in the oxidation

run if background correction is applied. Therefore, the

final weight gain from the TGA oxidation run will be

overestimated. If the sample has oxidized all the way

to a-hematite, the dissociation only starts at about

1200 8C and does not influence the oxidation weight

gain.

Interestingly, the final weight gain after back-

ground correction of the TGA oxidation curves

actually describes the Fe2+content of the original

sample, before the low-temperature oxidation started.

This way, the amount of magnetite oxidized at room

temperature during storage can be estimated from the

difference between the background-corrected and

uncorrected thermograms. These calculations were

tested on several LKAB magnetite samples with

different fineness, and the results showed a surpris-

ingly good fit with the chemically analyzed Fe2+val-

ues. As it is of interest for the analyst to know, if, for

example, a certain magnetite concentrate reference

sample has oxidized during storage (and, therefore,

the Fe2+content has decreased), an example of these

calculations is shown below. The precision could,

however, be influenced by the mineralogical proper-

ties of the iron ore.

The original Fe2+content in the MPC sample was

23.7% and was unchanged after 4 years in the freezer.

TGA gave 23.8% Fe2+, the same value without

background correction and after background correc-

tion combined with the Curie point correction.

Because no oxidation during storage took place and

the sample does not contain carbonates, both calcu-

lation methods give the same result. For the MPC

sample stored at room temperature, TGA without

background correction showed 23.3% Fe2+, which fits

well with the chemically analyzed value 23.4%

Fe2+and describes the Fe2+content in the sample at

the moment the analysis was run. Using background

correction and correction for the Curie point in TGA,

the same sample gave the original Fe2+content,

23.7%. This describes the Fe2+content in the sample

before low-temperature oxidation started. The differ-

ence (0.3% Fe2+) describes the amount of magnetite

oxidized during storage.

5. Conclusions

Possible oxidation of magnetite concentrate par-

ticles during sample preparation or storage leads to

decreasing Fe2+analysis results. This is problematic in

many ways; one example is instability of both

international and in-house magnetite standard materi-

als, used to control the result level in wet-chemical

analysis of Fe2+. In addition, the surface properties of

the magnetite particles change due to oxidation and

become those of g-hematite. This could change the

sample behaviour during small-scale agglomeration or

flotation tests. Partial oxidation could also lead to

bindings in contact points between the magnetite

particles and cause dispersion problems during

particle size measurement. In general, any changes

in the sample due to sample pretreatment or during

storage can be disruptive and cause unexpected

sample behaviour.

The results point out that special care should be

taken during drying of magnetite pellet concentrate

slurries to avoid erroneous Fe2+results. In a normal

LKAB pellet feed, the Fe2+content decreased by
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0.2% during heat treatment at 105 8C for 2 days.

Therefore, drying of finely ground magnetite slurries

at 105 8C is questionable, although 105 8C is

recommended by ISO 7764 (1985) and ISO 3087

(1987) and given as the maximum allowable drying

temperature in ISO 3082 (2000). The importance of

drying time should also be recognized. The samples

should be removed from the drying furnace as soon

as they are dry and not left there, for example, over

weekends.

The sensitivity of magnetite particles to low-

temperature oxidation cannot be predicted by measur-

ing the BET surface area. A prolonged isothermal

TGA run is recommended as standard procedure

before choosing the drying temperature for a specific

type of magnetite concentrate sample. Once the drying

temperature has been selected using the TGA curves

as a guideline, it can be applied to all similar samples

thereafter. For very sensitive samples, the choice is

either to decrease the drying temperature to around 75

8C and accept the inconvenience of a much longer

drying time or to use freeze-drying, which is tedious

because of the large amounts of water in slurry

samples.

Oxidation during storage at room temperature was

detected as well. The Fe2+content in a normal LKAB

pellet feed decreased by 0.3%Fe2+during 4 years of

storage at room temperature. Oxidation during storage

was completely hindered when the samples were

stored in a freezer at �50 8C. Several samples were

studied, although only a few are reported here. Even a

very finely ground KPC sample with a BET surface

area of 1.15 m2/g remained unchanged during storage

at �50 8C. Therefore, for prolonged storage of

magnetite concentrate samples (for example, reference

materials), the use of a freezer is recommended—

especially if the surface chemical or oxidation proper-

ties of the sample are of interest. For larger samples, a

good alternative in our climate in Swedish Lapland is

to store the samples outdoors. The long winter period

provides a natural freezer, and the short summer is

only moderately warm. In addition, magnetite con-

centrate samples should not be allowed to stand in

direct daylight or near analysis instruments that

radiate heat.

When the oxidation of magnetite samples during

drying and storage is understood, an explanation for

certain behaviour in TGA thermograms is also

gained. Oxidation during storage did split the low-

temperature oxidation peak to two fairly well-sepa-

rated peaks. The first one can be explained by the

oxidation of magnetite to g-hematite, the second by

conversion of g-hematite to a-hematite. TGA thermo-

grams under non-oxidizing conditions showed that

any g-hematite formed during storage or drying will

dissociate back to magnetite. This results in a weight

loss specific only for the oxygen-free TGA measure-

ment. Therefore, if background correction for the

oxidation of magnetite samples is needed (for

example, due to calcining), any g-hematite in the

sample would lead to an overestimation of the

Fe2+content.
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Abstract

Fundamental research during the past decade has been focussed on understanding the role of viscous forces on agglomerate deformability and
strength. Much of this work has been done on glass spheres using Newtonian liquids as a binder. In this work, we show the variations in plasticity
and strength of magnetite iron ore green pellets with varying liquid saturations and binder dosages (viscosities). For this purpose, a new measuring
instrument was built to analyze the green pellet wet compression strength, plastic deformation and breakage pattern.

Industrial iron ore green pellets are over-saturated and a supporting “network” of viscous liquid is formed on the green pellet surface. At least
half, probably more, of the total binding force appeared to be due to the cohesive force of the network. The other half (or less) of the total
compression strength can be explained by the capillary force. Due to irregularities on green pellet surfaces, both fully developed concave pore
openings and saturated areas are expected to be found at the same time.

Wet green pellets started showing plastic behaviour as they became over-saturated. In over-saturated green pellets, an explosive increase in
plasticity with increasing moisture content was seen, due to the contemporary increase in porosity. Plasticity is an important green pellet property
in balling and should gain the status of a standard method in green pellet characterization. It is suggested that the control strategy for the balling
circuits be based on plastic deformation and compression strength of green pellets instead of the rather inaccurate drop number. The results also
point out the importance of knowing whether the balling process should be controlled by adjusting the moisture content (plasticity) or by adjusting
the bentonite dosage (viscosity). These two operations are not interchangeable—even if they would compensate in growth rate, the green pellet
properties would differ.

A new green pellet growth mechanism is suggested, based on the measured over-saturation. Firstly, green pellet plasticity needs to exceed a
minimum level to enable growth. This limiting plasticity defines the material-specific moisture content needed in balling. Secondly, it is suggested
that the growth rate be controlled by the viscosity of the superficial water layer rather than by the mobility of the pore water.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Agglomeration; Granulation; Magnetite; Iron ore; Bentonite; Binder; Green pellets; Plasticity

1. Introduction

Luossavaara-Kiirunavaara AB (LKAB) produces yearly
about 16 million tonnes of iron ore pellets as high-quality raw
material for use in steelmaking. Pelletization begins with the
grinding and cleaning of the iron ore to meet the desired
chemical quality. Additional grinding is sometimes needed to
achieve the required balling properties in the pelletizing plant.
The balling is done in large balling drums using water together
with an external binder as a binding media. The wet green

pellets are then dried and sintered in the pelletizing machine. A
narrow size distribution in green pellets is an important criterion
for the pellet quality, because high permeability in the pellet bed
is beneficial for both the pellet production process and the
subsequent reduction process in steelmaking. In practice, varia-
tions occur in the incoming pellet feed properties (like moisture
content, fineness and wettability) which result in variations in
the green pellet growth rate and size distribution. This is con-
trolled either mechanically, by adjusting the screen openings for
the recycling load or for the on-size fraction, or “chemically” by
slightly varying the moisture content or the binder dosage.
Increasing the binder dosage is known to decrease the green
pellet growth rate, making the pellets smaller, while increasing
the water content results in an opposite effect [1]. Control of the
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balling circuits is largely based on the practical knowledge of
experienced operators. This lack of a well-defined control
strategy is largely due to insufficient understanding of the
binding mechanisms and inadequate measuring methods to
control the green pellet quality.

The capillary theory for wet agglomerate strength is well
established [2–4] and described in agglomeration textbooks [5–
8]. It applies to particle systems with a freely movable binder,
like water. The green pellet wet strength reaches a maximum
when the pores are completely filled with water and concave
surfaces are formed in the pore openings due to the capillary
forces. This takes place at around 90–95% liquid saturation, as
schematically shown in Fig. 1. The wet agglomerate strength at
the point of maximum (in the capillary state) is given by Eq. (1)
[4]. Liquid saturation (S) describes the portion of the pore
volume which is filled with the binder liquid and is calculated
from Eq. (2). According to the capillary theory, at S=100%,
flooding takes place—the agglomerate deforms under its own
weight. As the agglomerate is slowly dried, the main binding
force is the capillary force as long as part of the capillaries are
still filled with water, approximately down to S=30%.
Thereafter, binding by liquid bridges controls the strength.
The agglomerate strength with fully developed liquid bridges
(S=30%) is only about 35% of the maximum strength.
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where σc=green pellet wet tensile strength due to the capillary
forces; a=constant; ε=fractional porosity; γ=surface tension;
d=average particle size; θ=contact angle; S=liquid saturation;
F=moisture content by wet weight; ρp, ρL=density for particles
and water, respectively.

Development of the capillary theory was based mainly on
studies on iron ore green pellets. The theory became so well

established that further research in this area largely stagnated. The
capillary forceswere accepted as themain binding force, although
external viscous binders are used and the assumption of a freely
movable liquid, made in the capillary theory, becomes question-
able. The beneficial influence of viscous binders in iron ore
balling is well known from everyday practical operations. The
large variety of binders studied in the iron ore industry was
recently reviewed by Eisele and Kawatra [9]. The most common
binder is bentonite, of which additions of 0.5–0.7% are usually
made. During the past decade, many articles have been published
regarding binding mechanisms in wet agglomerates [10–13],
their deformability [14–16] and their consolidation rate [17–19].
Many of these studies have been done by using glass spheres and
Newtonian liquids as a binder. There seems to be a widespread
agreement that not only the capillary forces, but also the viscous
forces and inter-particular friction are of major importance for the
wet agglomerate behaviour. Some of these results seem to fit well
with the extensive practical experience collected from the
agglomeration of iron ore concentrates, others seem somewhat
contradictory. However, for meaningful comparison, the degree
of liquid saturation should be well defined because it largely
influences the agglomerate behaviour. Recently, Knight [20]
presented challenges for research in granulation. He pointed out
the importance of improving knowledge of the strength of wet
agglomerates, as well as their deformation behaviour.

Iron ore green pellets show both plastic and elastic behaviour
and the difference in significance between these two mechan-
isms should be recognised. Plastic deformation occurs due to
the load of above-lying green pellets in a static bed of green
pellets and leads to decreased bed permeability in the drying
zones. This is detrimental for both the fast-drying sequence and
also for the oxidation of magnetite to hematite, which should be
accomplished before the sintering temperature is reached. Plas-
tic deformation also takes place during rolling and facilitates the
green pellet consolidation. The importance of green pellet
plasticity for the green pellet growth rate was recognised al-
ready in the basic work published by Newitt and Conway-Jones
in 1958 [3]. However, surprisingly, little work has been done to
measure the plasticity in iron ore green pellets. Beale et al. [21]
connected a compression strength test device to a high-speed
recorder and showed an example of two extreme green pellets
with the same wet compression strength but with very different
plasticity. Sportel et al. [22] built an instrument to measure
plasticity in green pellets. They report that plastic deformation
was strongly dependent on both the amount of moisture and the
bentonite content. However, as the bentonite dosage was in-
creased, the moisture content considerably increased as well.
Therefore, the measured increase in deformation could have
been exclusively due to the increase in moisture. They also
report that the green pellet bed permeability measured in pot
furnace correlated well with the measured plastic deformation in
green pellets, while wet compression strength did not. However,
the wet compression strength values showed a rather large
spread; green pellets with 0.75% bentonite addition being
weaker than green pellets with no bentonite at all.

Elasticity in green pellets is generally believed to be
important for green pellet durability during loading from one

Fig. 1. A schematic figure showing agglomerate tensile strength as a function of
the liquid saturation, according to the capillary theory. The binder liquid is water.
The curve describes ideal behaviour of a wet agglomerate during drying.
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conveyor belt to another. It may also be relevant for green pellet
strength during bouncing in the balling drum. The green pellet
impact strength is usually described by the drop number, as
explained under Methods. Iveson and Litster [15] found that
increasing binder viscosity decreased the extent of impact de-
formation (increased elastic deformation) of wet granules made
of glass spheres. This is in good agreement with iron ore green
pellet behaviour, because the drop number is known to increase
with the amount of bentonite added. However, the drop number
(impact strength) also reflects changes in the water content, as
will be shown later in Results.

Applying the new theoretical knowledge gained during the
past decade to practical balling in an iron ore pelletizing plant
requires knowledge of the degree of liquid saturation in green
pellets. Many of the above-mentioned studies have actually
been done at low saturations (b90%), which is not expected to
be the case in iron ore balling. Also, possible covariance bet-
ween different parameters, for example, moisture, porosity and
plasticity, originating from the balling process itself, should be
considered. The tixotropy in bentonite suspensions, the very
irregular particle shape and the wide particle size distributions
are all factors which could overplay the influence of parameters
that are considered theoretically relevant. Our aim in this study
was to show the variations in magnetite iron ore green pellet
plasticity and strength with varying liquid saturations and vary-
ing binder dosages (viscosities). For this purpose, a new, semi-
automatic instrument was built to measure the green pellet wet
and dry compression strength and plastic deformation with high
accuracy. The compression pressure data were stored in a data-
base, which made it possible to apply different calculations as
well as shape analysis on the breakage curves. This facilitated
sorting of the green pellets by their breakage pattern and gave
additional information about binding mechanisms under dif-
ferent conditions. The results are discussed in terms of binding
mechanisms as well as in terms of process control.

2. Materials

A magnetite iron ore concentrate from the LKAB pelletizing
plant at Svappavaara was used. The Svappavaara pellet concentrate
(SPC) contained 70.9% Fe, 22.8% Fe2+ and 0.7% SiO2. The
fineness by screening was 75.2%–45 μm and 93.4%–90 μm. The
fine tail was analysed by a cyklosizer and showed 22.4%–9.4 μm.
The specific surface area measured by the permeability method by
Svensson [23] was 10,100 cm2/cm3. The absolute density was
5.12 g/cm3. The bentonite showed an Enslin value of 576% (after
2 h) and a fineness of 94%–75 μm. The bentonite was dried at
105 °C overnight and stored in a desiccator before balling.

3. Methods

3.1. Micro-balling

In the iron ore industry, small-scale balling is commonly
called as micro-balling. Micro-balling was done in 7-kg batches
of filtered material with about 6% moisture content. The
moisture was adjusted in two steps. First, the moisture was

adjusted 0.5% units below the target moisture content. The
batch was allowed to stand in an acclimatization cabinet at 80%
relative humidity and 40 °C for 2 h. As the raw material was
colder than the humid air, some moisture condensed on the
particles. This treatment attempted to achieve effective wetting
of the particles and to temper the material before balling. The
batch was then allowed to stand at room temperature for about
half an hour. Thereafter, an accurately weighed amount of dried
bentonite was mixed with the magnetite concentrate in a
laboratory mixer and the moisture content was adjusted to its
final level during additional mixing.

The balling was done in a drum corresponding to a 0.15-m-
wide slice of a balling drum. The diameter of the drum was
0.8 m. The rotation speed was 37 rpm when preparing the seeds
and 47 rpm when balling the green pellets. The balling was done
in three steps. First, the dry balling drum was conditioned
to relevant balling humidity by balling a small batch of the
studied material for about 5 min, after which the material was
discarded. Thereafter, the “real” balling began, with the pro-
duction of seeds. Seeds were produced by scattering the pellet
feed in small amounts on the rotating drum. Small amounts of
tempered water were sprayed to initiate growth. After 5 min, the
drum was stopped and the material was screened to obtain the
3.5–5-mm seeds. About 150 g of the seeds was put back in the
rotating drum. Aweighed amount of seeds was used in order to
ascertain that the 7-kg batch would be sufficient to produce full-
sized green pellets of the seeds. The green pellets were allowed
to grow by scattering fresh pellet feed on the seeds. Water was
sprayed lightly when needed. The production of green pellets
took 4 min. The green pellets were screened between 10 and
12.5 mm and all characterization was applied on this size
fraction. During micro-balling, green pellet growth takes place
exclusively by layering. The time for green-pellet growth and
consolidation was kept constant.

3.2. The pellet multi-press instrument (PMP)

The compression strength is commonly measured by using a
simple analogue balance. The maximum force is read visually
from a pointer. This way of measuring the compression strength
was found to be both inaccurate and operator-dependent. We
decided to build a new measuring instrument that would allow
repeatable, operator-independent measurements and advanced
possibilities for data analysis. This instrument, the pellet multi-
press (PMP) [24], is a semi-automatic instrument to which 20
green pellets are loaded on a sample tray and they are crushed
one at a time. The piston moves at a rate of 15 mm/min,
according to recommendations in ISO4700 [25]. During com-
pression, the pressure data as a function of the travelling dis-
tance of the piston are collected at 1-ms intervals and stored in a
database. Two measuring ranges were chosen: 0–10 daN for
wet and dry green pellets and 0–100 daN for exceptionally
strong dry green pellets or for partly oxidised magnetite green
pellets. After crushing, the pressure curves can be visually
examined and are mathematically evaluated. A set of evaluation
rules [26] is applied to define the green pellet properties, as
explained below. The average values, standard deviations,
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minimum and maximum values are calculated as well. The daN
units are used in accordance with ISO4700 [25] to adapt the
numerical values to the same level as in earlier iron ore pel-
letizing literature; 1 daN=10 N=1.02 kg.

The breakage point is defined as the maximum load after
which the pressure falls by at least 10%, see Fig. 2. The
breakage curves differ considerably, depending on the nature of
bindings in the green pellets. To be able to describe the shape of
the crushing curves numerically in a table of figures, the curves
were classified according to their breakage pattern into three
groups. In group A, the breakage pattern is very distinct, see
Fig. 2. After the breakage point, the pressure falls by more than
80% of the maximum pressure. This kind of breakage pattern is
only found in dry green pellets and occurs when strong bindings
are present. If the pressure falls by more than 50% but less than
80%, the green pellet is classed as group B. This pattern is
typical for weaker bindings, when a more “crumbling” breakage
of the green pellet takes place. Group B green pellets are found
both in dry and wet green pellets. An example of a B-type
pattern in dry green pellets is shown in Fig. 2.

If the pressure falls by less than 50% of the maximum
reading, then the green pellet is classed as group C. This
breakage pattern is found in both dry and wet green pellets. In
the C-type wet green pellets, two different shapes around the
breakage point can be seen, as shown in Fig. 3. In green pellets
approaching the flooding point, the breakage seems to take
place by plastic flow, giving rise to a round and fairly unspecific
breakage point. With a lower water content, a more brittle
fracture takes place and the breakage point becomes more
distinct.

The degree of plastic deformation in wet green pellets is
calculated by drawing a regression line between given limits on
the pressure curves, typically between 0.3 daN and 0.8 daN.
This part of the pressure curve is usually linear. The amount of
linear deformation when the green pellet is slowly loaded to
1 daN pressure, Def(1 daN), is read as a distance between the
piston positions at the regression line intercept with the x-axis
and at 1 daN pressure, as shown in Fig. 3. If the green pellet is
weaker than 1 daN, the regression line is simply extended over
the breakage point to 1 daN. This way, the deformation values
are independent of the green pellet strength. 1 daN was chosen
for the calculation of plastic deformation because it is generally
known that wet iron ore green pellets must withstand this

pressure in order for the pelletizing process to operate eco-
nomically. Def(1 daN) is expressed in micrometer units.

The calculation of Def(1 daN) is done automatically.
However, the pressure curves are sometimes slightly S-shaped,
which can lead to an incorrectly drawn regression line.
Therefore, a measure named deviation from linearity (Dlin)
was defined. Dlin is the difference in compression pressure read
from the regression line compared to the actually measured
pressure at the breakage point, see Fig. 3. Dlin is expressed in
daN units. If Dlin is zero, the pressure curve is completely linear
up to the breakage point. If Dlin is positive, the pressure curve
starts deviating before the breakage point is achieved. If Dlin is
negative, the regression line is incorrectly drawn and not
relevant for the calculation of plastic deformation. In most
cases, this can be corrected by choosing new limits for the
calculation of the regression line. This is easily done with the
evaluation software.

The variation between individual green pellets within one
micro-balling batch (20 green pellets) and the repeatability
between average values of 10 parallel batches is shown in Table 1.
The fairly large spread between individual green pellets should be
noticed. The spread increases when green pellets with extreme
properties are prepared (very weak, very wet or dry). This spread
can, at least partly, be explained by individual variations in the
green pellets water content, because wet-CS and Def(1 daN) of

Fig. 3. An example of pressure curves for wet green pellets with two different C-
type breakage patterns. The calculation of Def(1 daN) and Dlin is also shown.

Fig. 2. An example of pressure curves for dry green pellets (dry-CS) showing A-
and B-type breakage patterns.

Table 1
Variation within one micro-balling batch (20 green pellets) and repeatability
between 10 parallel batches: 0.5% bentonite

Parameter Within one batch (n=20)
average±1σ

Between batches
(n=10) average±1σ

Moisture (%) – 8.71±0.05
Wet-CS, daN/pellet 1.49±0.18 1.45±0.07
Wet-CS, B-type breakage
pattern (%)

– 95±7

Deformation (μm) 580±64 588±34
Drop number 6.6±1.5 6.7±0.7
Dry-CS, daN/pellet 5.9±1.1 6.3±0.8
Dry-CS, A-type breakage
pattern (%)

– 60±12

Porosity (%) – 32.3±0.3
Filling degree (%) – 102±2
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individual green pellets within one batch usually show a fair
correlation. This spread can be used to describe the homogeneity
within the studied sample and has shown to be quite useful when
evaluating properties of plant green pellets. To compare green
pellets with different qualifications, at least two replicate micro-
balling batches with each set-up are prepared and average values
are used in evaluation. This increases the amount of practical
work but results in more accurate figures for evaluation. The drop
number values are operator-dependent. Values in Table 1 are
unfortunately not comparable with figures later in the text,
because they are read by another operator.

3.3. Other test methods

The drop number describes the wet green pellet strength under
fast impact. The green pellet is allowed to fall from a height of
45 cm to a steel plate and the breakage is visually detected. The
drop number gives the average number of drops before a fracture
is observed. Moisture content was measured by drying overnight
at 105 °C and is given by moist weight, according to standard
praxis within the iron ore industry. Porosity was measured on
dried green pellets by theGeoPyc 1360 instrument (Micromeritics
Inc.) and absolute density by the AccuPyc 1330 gas displacement
pycnometer (Micromeritics Inc.). These methods have been
described earlier in detail [27]. In the GeoPyc instrument, the
volume of green pellets is measured by packing the sample in
silica sand. Beforemeasuring, the green pellets were strengthened
by spraying with a lacquer. Two parallel measurements on each
sample were done. The GeoPyc measurement was calibrated
against a mercury pycnometer, so that surface irregularities down
to 9-μm pore openings were filled with mercury.

4. Results

4.1. Green pellet properties with varying moisture content

The moisture content in green pellets with 0.5% bentonite was
varied between 7.3% and 9.4%. By increasing the bentonite
dosage up to 1.5%, the moisture range suitable for balling could be
expanded up to 10.5%. Results from individual micro-balling

batches are reported below. The liquid saturation values (S) were
calculated from Eq. (2) and are shown in Fig. 4. At around 8.2%
moisture content, the liquid saturation was 100%. It was indeed
possible to produce green pellets in the laboratory drum with
moisture contents down to 7.3%, but as the 8.2% moisture level
was passed, it was necessary to induce the green pellet growth by
sprayingmorewater than usual. The corresponding porosity values
as a function of the moisture content are shown in Fig. 5.
Observations down to 8.2% moisture were used to calculate the
regression line. Below 8.2%moisture, the green pellets are under-
saturated and show increasing spread in the porosity values. The
figures show that as the 100% liquid saturation is passed, the
balling process becomes self-regulating and strives to keep the
liquid saturation constant. Increasing moisture content is compen-
sated by increasing porosity. The large spread in the calculated
saturation values probably reflects the inaccuracy in porosity
measurement.

The moisture content in the full-scale balling plant at
Svappavaara is about 9.0% and porosity 32.5%. This fits well
with the laboratory data. The liquid saturation then becomes
106%. The pores are filled with water and on the green pellet
surface, there is a layer of “free”water corresponding to 6% of the
total pore volume. The calculation of liquid saturation from Eq.

Fig. 4. Liquid saturation as a function of the moisture content. Fig. 5. Porosity as a function of the moisture content.

Fig. 6. Deformation, Def(1 daN), as a function of the moisture content.
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(2) assumes that the whole pore volume is filled with liquid.
However, both micro-balled and plant green pellets contained
some air. Newitt and Conway-Jones [3] also reported air in-
clusions in green pellets. If part of the pore volume is filled with
air instead of water, the calculated over-saturation would be too
low. Therefore, the real value for liquid saturation is probably
higher than 106%.

The plastic deformation in green pellets, Def(1 daN), as a
function of the moisture content is shown in Fig. 6. Observations
with varying amounts of bentonite are included in the same figure.
Deformation increased linearly with increasing moisture content.
The correlation line is based on measuring points above 8.2%
moisture content. Below S=100% (8.2% moisture), the plastic
deformation becomes practically constant, as shown later in Fig.
11. Green pellets with 900 μm in Def(1 daN) were already very
wet and green pellets with 500 μm in Def(1 daN) had lost their
typical wet “shine”.

The drop number as a function of the moisture content, at
0.5% bentonite dosage level, is shown in Fig. 7. The drop
number increased linearly with increasing moisture content in a
similar manner as Def(1 daN). They both describe the increase
in green pellet plastic behaviour with increasing moisture.

However, if the bentonite dosage is changed, the drop number
and Def(1 daN) will react differently, as is shown later. The drop
number is an inaccurate figure and highly operator-dependent.
The values in Fig. 7 are read by one operator only.

Also, the sorting of the wet green pellets by the breakage
pattern shows a change in the breakage mechanism at around
8.2% moisture, as seen in Fig. 8. In wet green pellets, only
breakage patterns of type C and B are found. At 9.4% moisture,
practically all green pellets show the over-wet C-type breakage
pattern. As the moisture content decreases, the proportion of B-
type breakage pattern gradually increases and the C-type
breakage correspondingly decreases. Finally, at around 8.2%
moisture, all green pellets showed the B-type breakage. Wet-CS
as a function of the moisture content is shown in Fig. 9. Wet-CS
increases slightly as the moisture content decreases.

As mentioned earlier, balling at low saturations was not
possible. Therefore, to be able to measure the green pellet
properties at Sb100%, the balling was done at 9.2% moisture and
the green pellets were then carefully dried at 40 °C and 60%
relative humidity for various times. Thereafter, the compression
strength was measured. The results are shown in Fig. 10. The
results from experiments shown above, collected by balling

Fig. 8. Sorting of wet green pellets by the breakage pattern as a function of the
moisture content. 0.5% bentonite.

Fig. 9. Wet-CS as a function of the moisture content. 0.5% bentonite.Fig. 7. Drop number as a function of the moisture content. 0.5% bentonite.

Fig. 10. Wet compression strength (wet-CS) as a function of liquid saturation
(S ). The line is drawn by eye to enhance the curvature. 0.5% bentonite.
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directly at the desired moisture content within the ballable area
(S=100–110%), are also shown in the same figure.Wet-CS shows
a maximum at around S=95–100%. At higher saturations, the
wet-CS decreases slightly as the flooding point at around S=110%
approaches. The green pellets are weakest when S falls to about
70%. The capillaries have been drained of water, but the dry
bentonite bindings have not yet started to form. The shape of the
curve resembles the curve shown byNewitt andConway-Jones [3]
for agglomerates with a high salt content in the binder liquid.

Corresponding values for plastic deformation are shown in Fig.
11. An explosive increase in plastic deformation is seen as soon as
the liquid saturation exceeds 100%. As the liquid saturation falls
below 100% (and the maximum value in wet-CS is passed,
according to Fig. 10), the deformation becomes constant (about
500 μm).When dry bentonite bindings start to form (Sb70%), the
measured values for deformation decrease even further.

4.2. Green pellet properties with varying bentonite dosages

The bentonite dosage in green pellets with around 9.0%
moisture was varied between 0% and 1.5%. The large range in

bentonite addition made it difficult to maintain constant mois-
ture content. Therefore, the moisture content was 8.7% in green
pellets without bentonite and 9.3% with 1.5% bentonite. Some
additional tests were done to study if the extra water require-
ment for high bentonite dosages could be compensated by
increasing the moisture content in the pellet feed. The results
showed that in spite of high initial moisture content of the pellet
feed (up to 9.9%), extra spraying during balling was necessary
and the moisture content in green pellets increased up to 10.5%.

At least two, often more, replicate micro-balling batches
were balled with each dosage. The average values are reported
below. Using average values improves the accuracy in the
measuring results, as shown earlier in Table 1.

Measuring points for porosity and Def(1 daN) with different
bentonite dosages were already shown earlier in Figs. 5 and 6.
Neither porosity nor plastic deformation was affected by the
bentonite addition.

Wet-CS as a function of the amount of bentonite is shown in
Fig. 12. Wet-CS first increased rapidly up to around 0.5%
bentonite dosage and then planed out. The same inclination
point was also seen in other test values, as in the drop number in

Fig. 11. Deformation as a function of liquid saturation (S ). The line is drawn by
eye to enhance the pattern in the data points. 0.5% bentonite.

Fig. 12. Wet-CS as a function of bentonite dosage. Moisture content between
8.7% and 9.3%.

Fig. 13. Drop number as a function of bentonite dosage. Moisture content
between 8.7% and 9.3%.

Fig. 14. Sorting by the breakage pattern in the wet-CS test with different bentonite
dosages. Moisture content between 8.7% and 9.3%.
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Fig. 13. First, the drop number increased slightly with the
bentonite dosage. Thereafter, any further addition of bentonite
led to a very large increase in the drop number.

The change in binding mechanisms around the inclination
point can also be distinguished in the breakage pattern of the
wet green pellets. The sorting between C- and B-type breakage
patterns as a function of the amount of bentonite is shown in Fig
14. As the bentonite dosage was increased from 0% to 0.5%, the
amount of C-type green pellets decreased from 70% to 30% and
at larger bentonite dosages it started to increase again. When the
bentonite dosage was below 0.5% the C-type breakage pattern
was of the wet type with rounded curve shapes. At high
bentonite dosages, the C-type breakage was of the dry type,
with sharper breakage points.

The linearity of the pressure curves in the wet-CS test also
changed as the amount of bentonite was increased, see Fig. 15.
With low bentonite dosages, the pressure curves were linear all the
way up to the breakage point and Dlin was near zero. As the
amount of bentonite increased, the pressure curves started showing
curvature. Single bindings probably started to break before final
collapse and the Dlin values ascended to around 0.16 daN.

5. Discussion

5.1. Liquid saturation and plasticity

The ballable area for the studied material with 0.5% bentonite
dosage was between 8.2% and 9.4% moisture. Under these balling
conditions, the green pelletswere over-saturated (SN100%). Liquid
saturation was insensitive to changes in moisture, because of the
contemporary change in porosity. Over-saturation is quite
contradictory to earlier published data [3–6,8], which assume
flooding at S=100%. A certain shift in S could have been caused
by different methods used in porosity determination. Porosity is
calculated by subtracting the volume of particles from the volume
of the green pellets. The volume of particles is well defined and
calculated from the sample weight and the absolute density of the
particles. However, the volume of green pellets depends on how the
borderline on the green pellet surface is drawn—how much of the
surface roughness is considered to belong to the green pellet pore
structure. In our case, the limit was drawn in such a way that the
pore structure ends as the pore openings become larger than 9 μm

[27]. If the volume of green pellets is measured on moist green
pellets, as was done by Rumpf [4], the measured porosity will
naturally be larger and in all cases Sb100%.

Another explanation for the shift in the liquid saturation
could be eventual shrinkage of the wet green pellets during
drying. A 10.0-mm green pellet would need to shrink by
100 μm (1%) to explain the shift in the liquid saturation values.
A dilatometer measurement showed a maximum shrinkage of
about 10–20 μm, but the measurement was probably inaccurate,
due to the plasticity of the original wet agglomerate.

The principal reason for this shift in saturation values could
not be verified. Whatever the reason, it seems quite clear that
experimental data are required to ascertain the applied scale for
liquid saturation before comparison with earlier published data
can be done. Although the liquid saturation is a fundamental
property of the green pellets, it has been used very restrictively
in earlier literature for the evaluation of green pellet data. This
could be because of the discrepancy in porosity determination
compared to earlier fundamental work. Recently, Iveson et al.
[28] published a study on predicting the growth rate of liquid-
bound granules using raw-material properties as input data and
dealing with pore saturations above 100%.

Wet compression strength showed a maximum value at
S=95–100% (8.2% moisture). Also, the dominant breakage
pattern in the wet green pellets was altered at this point (Fig. 8).
Above 100% saturation, the plastic deformation in wet green
pellets started showing an explosive increase (Fig. 11). The
conclusion, then, is that in this work, S=100% refers to the point
where the capillary forces are as largest. The amount of water is
just enough to fill the pores. No free surface water is present and
the green pellets show low plasticity. At lower saturations, the
breakage is probably controlled by inter-particle friction, as was
shown by Pepin et al. [13]. As inter-particle forces take over, the
agglomerates become brittle and the balling circuits start to surge
in an uncontrollable manner.

Kristensen et al. [14] studied compressed cylindrical ag-
glomerates of lactose, dicalcium phosphate and glass spheres
using aqueous binder liquids. They found that the agglomerate
strength is controlled mainly by porosity and liquid saturation.
Our results show that below 100% saturation the green pellet
properties can, indeed, be described by liquid saturation. How-
ever, as 100% saturation is exceeded, liquid saturation is not
especially informative and the plastic deformation of green
pellets should be used instead. Def(1 daN) values reveal if the
moisture content is too high or too low in relation to the material
properties of the incoming pellet feed—independently of the
bentonite dosage. The sorting of green pellets by the breakage
pattern gives supplementary information. An increasing amount
of C-type breakage pattern with rounded breakage points, in
combination with low Dlin values, is symptomatic of exces-
sively high moisture contents. The measurement of one sample
(20 green pellets) in the PMP instrument takes about 30 min.

5.2. Drop number

Elastic deformation increases with increasing amount of
bentonite, as shown by the drop number in Fig. 13. As the liquid

Fig. 15. Deviation from linearity (Dlin) with different bentonite dosages.
Moisture content between 8.7% and 9.3%.
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phase becomes highly viscous, it absorbs kinetic energy at high
shear rates. This change in elasticity is not shown in Def(1 daN)
because of the slow shear rate applied in this test. Therefore, Def
(1 daN) and the drop number only correlate with each other if
the bentonite dosage is kept constant. A certain amount of
elastic deformation has been claimed to be necessary for the
green pellets to survive during reloading from one conveyor belt
to another. A drop number around four is usually considered
suitable. The drop number has actually generally been regarded
as the most important control parameter in balling, even more
important than the wet-CS. It should, however, be noted that the
drop number reflects a change both in the moisture content and
in the bentonite dosage.

This difference between the slow plastic deformation (Def
(1 daN)) and the impact strength (drop number) seems to agree
well with results published by Iveson et al. [16]. They found by
studying wet granules made of glass spheres that the mechanical
properties of granules measured at low shear rates did not give
any indication of the granule behaviour at high shear rates.

5.3. Wet compression strength

Wet compression strength (wet-CS) is slightly influenced by
the moisture content (Fig. 10) and largely influenced by the
bentonite dosage (Fig. 12). The increase inWet-CS as a function
of the bentonite dosage has been shown in earlier literature [6],
but the binding mechanisms have not been discussed earlier. At
least two distinct ranges can be differentiated. At low bentonite
dosages the binding force is suggested to be a combination of
the capillary force (freely movable liquid) and the cohesive
force (viscous binder), their relative contribution depending on
the binder dosage. As the bentonite dosage approaches the
inclination point at around 0.5% bentonite, the dominant bind-
ing mechanism probably becomes that of a highly viscous
binder. Thereafter, as the bentonite dosage further increases, the
cohesive force (viscosity) still increases, but the adhesion of the
binder liquid on the particle surfaces is weaker and starts con-
trolling the green pellet breakage. When the area of high viscous
behaviour is reached, elasticity rapidly increases (see the drop
numbers in Fig. 13). According to this approach, the adhesion
of the binder liquid to particle surfaces dictates how much of the
increased viscosity can be utilized to build up the green pellet
wet compression strength.

Areas for different binding forces within the whole range of
liquid saturation are illustrated in Fig. 16. This figure describes
the green pellet behaviour under drainage, while the agglom-
erate behaviour under wetting is expected to be quite different.
The figure was completed by some experimental data on wet-
CS with only water as a binder, i.e., without bentonite.

The wet strength in green pellets without bentonite, at the
broad maximum around S=90–100%, is expected to originate
from the capillary forces exclusively. Adding 0.5% bentonite
gives a substantial contribution to the total binding force due to
the increase in viscosity. As the maximum in wet-CS is passed
and the green pellets become over-saturated, the agglomerate
strength should drop very fast to zero, if only capillary forces
are present. This applies, if the green pellet surface is considered

ideal and either concave openings or over-saturation is found in
all pore openings. The experimental data showed, however,
only a slight decrease in wet-CS as the liquid saturation giving
maximum agglomerate strength was passed. This can be ex-
plained so that real green pellets show some surface roughness.
Both concave pore openings giving rise to capillary forces and
over-saturated pores giving rise to the supporting network on
the green pellet surface can be expected to occur at the same
time. The prevailing capillary force can be seen when the green
pellet is gently pressed between the fingers: the surface water is
drawn inside the capillaries. The cohesive force due to the
superficial liquid network can be seen as the typical wet shine in
green pellets. Actually, experienced operators can visually
roughly judge the degree of coverage of the liquid network. As
the viscosity in the binder liquid increases, the superficial
network becomes stronger and the wet-CS increases. Fibrous
structures in bentonite would be expected to increase the green
pellet wet strength, as was shown experimentally by Kawatra
and Ripke [29,30].

When the liquid saturation is decreased below 100%, liquid
bridges are formed at particle contact points. They can be
expected to be very strong, because the bentonite suspension
turns to gel and paste. As about one half of the original water
has been dried out, the wet green pellets are at their weakest.
This takes place somewhere in the drying zones. After further
drying, dry bentonite bindings start forming and the green pellet
strength starts increasing exponentially. It should be noted that
although the green pellets are fairly strong at saturations below
100%, it is not possible to ball within this area in a productive
manner. The working area in a real pelletizing process is marked
in the figure. It is very narrow because of the covariance bet-
ween the moisture content and porosity.

Fig. 16 shows that in green pellets balled with the bentonite
binder, only roughly one half, probably less, of the green pellet
wet strength can be explained by the capillary force. This means
that the parameters in the so-called Rumpf equation, Eq. (1),
only partly explain the wet green pellet behaviour. The other
half (or more) of the total binding force is due to the viscous
forces of the superficial liquid phase. It is suggested that capil-
lary forces are found even at high saturations because of surface

Fig. 16. A schematic figure showing experimentally measured wet compression
strength as a function of the liquid saturation. Areas for different binding forces:
1=capillary forces due to a completely movable binder, 2=contribution from
the viscous forces, 3=dry bentonite bindings. The lines connecting the
experimental points are drawn by eye to enhance the curvature.
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irregularities in green pellets, which enables coexistence of fully
developed concave capillary openings and oversaturated areas.

5.4. Green pellet growth mechanism

Iveson and Litster [18] studied the consolidation rate in
agglomerates made of glass spheres. They found that increasing
the binder viscosity resulted in a slower consolidation of the
agglomerates. In our micro-balling experiments, the time of
consolidation was kept constant. The final porosity was not
influenced by the amount of bentonite, although the bentonite
was heavily overdosed. Porosity was completely controlled by
the amount of water used in balling. Probably, the consolidation
behaviour is very different if the agglomerates are over-satu-
rated as compared to agglomerates bound by the less movable
liquid bridges. Also, it is possible that the time needed for
consolidation is much shorter than the time we used in balling.
In any case, it seems that in balling of iron ore green pellets,
differences in consolidation rates due to varying bentonite
dosages can be overlooked. Iveson and Litster [18] and Iveson
et al. [17] also found that the consolidation rate decreased with
decreasing particle size. However, it may be the case that the
agglomeration conditions for the different raw materials were
not comparable. From the balling of iron ore concentrates, it is
known that as the raw material becomes finer, the moisture
content needs to be increased to preserve the ballability of the
pellet feed. Therefore, if the moisture content for the finest
material was too low, the consolidation rate would have changed
due to different plasticity in the agglomerates.

It has been generally assumed that viscosity in the binder
liquid influences the agglomerate growth rate through decreased
mobility of the pore water. The standpoint has been that the
binder liquid needs to be squeezed to the agglomerate surface to
initiate growth. As industrial iron ore green pellets were found
to be oversaturated, the influence of liquid viscosity on green
pellet growth rate could be explained by a simpler mechanism,
namely, by the viscosity in the superficial liquid layer. The
viscosity needs to be such that the surface water layers on the
colliding objects can coalesce within the time available during
collision. Plastic deformation in the green pellets increases the
contact surface during collision and also helps to “knead” the
new fragments inside the green pellet body. Therefore, two
growth rate-limiting green pellet properties can be identified:
the green pellet plasticity and the viscosity in the superficial
water layer.

The plasticity in green pellets is controlled by the moisture
content and is independent of the amount of the bentonite
binder, as was shown earlier. This minimum plasticity needed
for green pellet growth defines the material-specific moisture
content needed in balling. If the plasticity is higher, the green
pellet growth rate is increased. The viscosity of the water phase
controls the rate of liquid bridge formation during collision.
Viscosity is naturally influenced by the amount of bentonite
added, but also by temperature and by the material properties of
bentonite (like swelling, particle size, degree of tixotropy) and
by process parameters (like mixing efficiency, contact time and
process water quality). If the viscosity is low, the surface water

layers coalesce very quickly, giving rise to uncontrollable
growth. If the viscosity is higher, the surface layers coalesce
more slowly—the growth rate is decreased, but it is also more
controllable.

The above-described mechanism would explain why it is
actually possible (although not economical) to ball green pellets
of magnetite concentrates in large scale, completely without an
external binder; but it is not possible to ball with 1.5% ben-
tonite, although the moisture content and the liquid saturation
would be the same. If no binder is used, the basic requirements
for balling are still fulfilled: the plasticity is on a normal level
and the viscosity in the water phase is low. Balling operates
fairly smoothly, but problems occur later in the process because
the green pellets are very weak. If 1.5% bentonite is added, the
green pellets are still equally plastic, but the high viscosity
limits the green pellet growth rate and the productivity in the
balling circuits falls dramatically. The latter case has not been
experienced in large scale, but the effect can be seen during
micro-balling.

Sastry and Fuerstenau [1] and Qiu et al. [31] describe the
green pellet growth rate by experimentally defining the
ballability index for the studied material. The green pellet
growth rate can then be calculated for different combinations of
moisture and bentonite dosage by subtracting the amount of
water bound by bentonite from the total amount of moisture. It
should, however, be noted that the ballability index only con-
siders the rate of green pellet growth—the green pellet prop-
erties, plasticity and wet compression strength, could differ
appreciably, even though the growth rates would be equal.

5.5. Process control aspects

The wet compression strength reached its maximum value at
around 95–100% saturation, as shown earlier. The corre-
sponding moisture content is often called the “optimum mois-
ture content”. Our results show, however, that this moisture
content is too low for industrial-scale balling. The maximum
value in wet-CS and productive balling are not compatible. The
balling circuits are commonly controlled so that a certain
amount of surging is allowed. If surging increases, more water
is added. In this way, the moisture content is kept at the lowest
possible level. It should, however, be pointed out that striving
after lowest possible moisture content is actually not done to
achieve higher capillary forces. It is done to maintain the plastic
deformation on the lowest possible level in order to minimize
the negative effects of decreased bed permeability in the drying
zones.

The micro-balling experiments showed that when the
amount of bentonite was increased, the maximum moisture
content that can be tolerated in balling could be raised from
9.4% to 10.5%. The liquid saturation stayed constant because of
the corresponding increase in porosity. This means that the
flooding point, at which the green pellet deforms under its own
weight, is dependent on the binder liquid viscosity and cannot
be accurately defined in terms of liquid saturation. By using
viscous binders, higher moisture content in the incoming pellet
feed can be tolerated, without the risk for flooding. However,

156 S.P.E. Forsmo et al. / Powder Technology 169 (2006) 147 –158



the Def(1 daN) measurements showed, that when these wet,
high-bentonite green pellets were loaded with 1 daN pressure,
they deformed equally as much as green pellets with a lower
bentonite dosage at similar moisture content. Therefore, even if
an excessively high moisture content in the incoming pellet feed
can be compensated in the balling circuits by adding slightly
more bentonite, the price is paid by negative effects later in the
process due to the increased plasticity in green pellets.

In practice, variations occur both in the properties of the
incoming pellet feed and in the moisture content. Also, the
amount of bentonite addition is very small, only about 5 kg/
tonne pellet feed, which makes it sensitive for dosing errors. It is
not always easy for the operator to know which of the two
parameters, the moisture content or the bentonite dosage, should
be adjusted. Our results show that plasticity in green pellets can
only be adjusted by changing the moisture content, not by
changing the bentonite dosage. Therefore, it is suggested that
the balling circuits be controlled by the plastic deformation and
the compression strength in green pellets, instead of using the
rather inaccurate drop number.

The operators in the balling plant should also be aware that
changing the bentonite dosage has different effects in the balling
process, depending on the current working area. A change in the
bentonite dosage below the inclination point, where viscous
forces still help to increase the green pellet wet strength, in-
fluences both the wet-CS and the growth rate. Variations in the
bentonite dosage above this level virtually only change the
growth rate. The point of inclination is probably different for
different materials and binders.

6. Conclusions

Wet green pellets started showing plastic behaviour as they
became over-saturated. At over-saturation, balling was a self-
regulating process striving to keep the liquid saturation con-
stant. At over-saturation, an explosive increase in plasticity with
increasing moisture content was seen due to the contemporary
increase in porosity. No influence of the viscous bentonite
binder on green pellet plastic deformation under 1 daN pressure
was found. The flooding point, at which the green pellets
deform under their own weight, was, however, shifted towards
higher moisture contents, as the amount of bentonite was
increased.

As the green pellets are over-saturated, a supporting “net-
work” of viscous liquid is formed on the green pellet surface.
At least half, probably more, of the total binding force appeared
to be due to the cohesive force of the viscous superficial
network. The other half (or less) of the total compression
strength can be explained by the capillary force. Due to irregu-
larities on green pellet surfaces, both fully developed concave
pore openings and saturated areas are expected to be found at
the same time.

A new green pellet growth mechanism is suggested based on
the measured over-saturation. Two limiting green pellet prop-
erties are identified. Firstly, the green pellet plasticity needs to
exceed a minimum level to enable growth. For a given raw
material, the plasticity is controlled by the moisture content.

This limiting plasticity defines the material-specific moisture
content needed in balling. Secondly, the viscosity in the liquid
phase needs to be such that the superficial water on the growing
green pellet and on the free pellet feed can coalesce within the
time available during collision. The results clearly point out the
importance of knowing whether the balling process should be
controlled by adjusting the moisture content (plasticity) or by
adjusting the bentonite dosage (viscosity). These two operations
are not interchangeable—even if they would compensate in
growth rate, the green-pellet properties would differ.

Plasticity is regarded as an important green pellet property in
balling and should gain the status of a standard method in green
pellet characterization. Currently, the drop number and the
compression strength are the standard parameters for charac-
terization, probably due to the simplicity of the measuring
systems. Today, rapid collection, storage and handling of large
amounts of data are not a problem and plasticity can be mea-
sured with fair accuracy.

For the time being, typical values for plant green pellet
plasticity are surveyed. The influence of variations in raw
material fineness on green pellet plasticity is being studied as
well. The applicability of the green pellet growth mechanism
suggested in this work will be verified under process conditions.
The aim is to build a control strategy based on plastic defor-
mation and compression strength of green pellets instead of the
rather inaccurate drop number. Accurate measurements of green
pellet strength and plasticity together with a better understand-
ing of the binding and growth mechanisms constitute a solid
basis for further development of the process control system. We
also hope that our experimental data will be of use to other
researchers working with further development of the theoretical
aspects in agglomeration.
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Abstract

The main binding force in wet iron ore green pellets has been found to be the cohesive force 
of the viscous binder. The wet compression strength (wet-CS) in green pellets is, however, 
also influenced by the green pellet plasticity. A certain degree of plasticity is needed to 
sustain the green pellet growth rate. Too much plasticity results in decreased bed permeability 
and production problems. As the plasticity increases, wet-CS decreases. The amount of 
moisture needed to create a given degree of plasticity depends on particle properties and on 
the particle size distribution. Therefore, it was of interest to study how wet-CS would be 
influenced by variations in raw material fineness, if the green pellet plasticity was kept 
constant, i.e. the green pellet properties would be compared under relevant industrial balling 
conditions. For this purpose, magnetite concentrates of different particle size distributions 
were balled in a laboratory drum and the moisture content for constant plasticity was 
determined for each of the materials. 

No difference in green pellet wet-CS as a function of the raw material fineness was found 
when the bentonite binder was used and the plasticity was adjusted to a constant level. Green 
pellets prepared of raw materials with narrow size distributions were just as strong as those 
with broader ones. This is because the main binding force is the cohesive force of the viscous 
binder. In green pellets balled without the bentonite binder, wet-CS increased with increasing 
specific surface area in the raw material, in a similar manner as has been shown in earlier 
agglomeration literature. In this case, the capillary forces prevail. Comparison of wet-CS at 
constant moisture, instead of constant plasticity, would lead to erroneous conclusions. 
Fineness, or rather the slope of the particle size distribution curve, had a major impact on the 
moisture content needed for constant plasticity. If the slope increases, more water is needed to 
keep the plasticity on a constant level. Implications of these results in control of industrial 
iron ore balling circuits are discussed. 

Key words: agglomeration; magnetite; iron ore; green pellets; plasticity; fineness 

1. Introduction 

Green pellet strength and plasticity are important parameters for the productivity of an iron 
ore pelletizing plant. Green pellet strength is described by two test values: the drop number 
and the compression strength. Drop number describes the green pellet strength during a fast 
impact, such as the impact that occurs during unloading from a conveyor belt. The drop 
number must be high enough for the green pellets to survive the transportation from the 

mailto:forsmo@LKAB.com


2

balling circuits to the pelletizing machine. In earlier literature it has actually been regarded as 
the most important control parameter in balling, even more important than the compression 
strength [1, p. 107]. The drop number is, however, influenced by changes in both plasticity 
and elasticity: it increases with increasing moisture content and with increasing bentonite 
dosage [2]. From the drop number values, the operator cannot judge which of these two 
parameters  should be adjusted. The drop number values are also fairly unreliable and 
operator dependent, because the breakage point is visually judged. 

The green pellet strength under static load, e.g., in the pellet bed in the drying zones, is 
described by the wet compression strength (wet-CS). It needs to be high enough to assure 
minimum deformation and breakage. Plastic deformation and green pellet breakage decrease 
the permeability of the pellet bed in the drying and oxidation zones of the pelletizing machine, 
with negative consequences for both the pelletizing capacity and the pellet quality.  The 
compression strength in wet iron ore green pellets is described in earlier textbooks [1,3,4,5] 
by the well-known capillary theory and the Rumpf equation (Eq. 1) [6]. It describes the 
agglomerate tensile strength at the capillary state, at about 90% filling degree, when a fully 
movable liquid is used as a binder. The filling degree (S) in wet agglomerates is defined as the 
volume of the binder liquid compared to the volume of pores and is calculated from Eq. (2). 

cos11
d

ac     (1)

L

p

F
FS 1

100
100     (2) 

Where 
c = green-pellet wet tensile strength due to the capillary force 

a = constant 
 = fractional porosity 
 = surface tension 

d = medium particle size 
 = contact angle 

S = filling degree (liquid saturation) 
F = moisture content by wet weight 

p, L = density for particles and water, respectively 

Today, the importance of viscous forces for the agglomerate strength is well recognized [7-
13]. Also, the importance of agglomerate plasticity has been emphasized and intensively 
studied during recent years [14-17]. The rapid advancements during the past decade in 
understanding the fundamental processes in agglomeration were recently reviewed by Iveson 
et al. [18]. Many of these studies have, however, been done using glass spheres and 
Newtonian liquids as binders. Many of the studies also deal with high-shear agglomeration 
with relatively low filling degree in the agglomerates. When applying the results in balling of 
iron ore, the differences in agglomeration conditions should be recognized. Industrial iron ore 
green pellets are over-saturated and a supporting network of viscous liquid is formed on the 
green-pellet surface [2]. The strength of this network is initially controlled by the viscosity of 
the liquid phase. Therefore, in iron ore green pellets balled with a viscous binder, the main 
binding force originates from the viscous binder; only less than one half of the binding force 
is due to the capillary force. The most common binder in the iron ore industry is bentonite, 
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which is a tixotrop. Bentonite is known to increase the green pellet wet-CS, dry-CS and the 
drop number, though with very different mechanisms. Bentonite is also known to decrease the 
green-pellet growth rate and influence the growth mechanisms. Both the growth rate and the 
growth mechanism are, however, also influenced by green pellet plasticity. As high 
productivity in the balling circuits is one of the main objectives in iron ore agglomeration, a 
proper balance between the green pellet strength and growth rate needs to be established and 
sustained – even under variations in the pellet feed particle properties. 

The importance of green pellet plasticity for the iron ore balling process has always been 
generally recognized [19-22], but possibly due to lack of reliable and practical measuring 
methods, it has been somewhat overlooked. In our earlier work [2] a measuring method was 
developed to calculate green pellet deformation when it is slowly loaded to 1 daN pressure. 
Twenty green pellets are automatically measured in one batch. The large number of 
measurements is definitively needed, because there are significant variations between 
individual green pellets, even within the same batch. The results showed that plasticity in 
green pellets (at slow shear rates), was not influenced by the bentonite binder. Therefore, 
although increasing the moisture content (plasticity) and decreasing the bentonite dosage 
(viscosity), both lead to a faster green pellet growth rate [23], they are not exchangeable in 
terms of green pellet quality. 

Earlier experimental work [2] verified a broad maximum in wet-CS at around S = 100%, 
which is expected to correspond to fully developed capillary forces. The shift in saturation 
towards higher values than theoretical (S = 90%) can be explained by various definitions of 
the outer boarder line defining the green pellet volume in the porosity measurement [24]. It 
might actually be easier to keep in mind the oversaturated nature of the capillary openings in 
green pellets, when this state is described with saturation values exceeding 100%. The 
moisture content corresponding to the wet-CS maximum is sometimes called  the “optimum 
moisture content”. It is, however, too low for industrial balling, because at this point the green 
pellets are fragile and show very little or no plasticity [2]. As the moisture content is increased 
above this level, the plasticity linearly increases – the green pellets grow faster and surging in 
the balling circuits decreases. This increase in productivity of balling is, however, done on the 
cost of increased deformation of green pellets and decreased bed permeability.  

The amount of moisture needed to create a given plasticity is known to vary substantially 
between different materials. This material-specific moisture content is known to be dependent 
on parameters like particle size distribution, particle shape, surface roughness, inner porosity 
and wetting properties of the particles [1,3,5]. It is usually roughly estimated by practical 
balling experiments, by identifying the moisture content that gives about 4-5 drops in the drop 
number. However, because the drop number is influenced by the binder properties, as well, it 
only gives indirect information about green pellet plasticity. More accurate data on the 
moisture content needed in balling can be achieved by a direct measurement of the green 
pellet plasticity. 

In an earlier, frequently quoted study on the variation of iron ore green pellet strength as a 
function of the raw material fineness [25], balling of the materials was done aiming at 
constant moisture in green pellets. However, if pellet feeds of largely different finenesses are 
balled using the same moisture content, the finest materials would probably be far too dry for 
large-scale balling and near to the maximum value in wet-CS and the coarsest materials 
would be over-wetted. Over-wetted green pellets are weaker – not due to the difference in 
fineness, but due to the difference in plasticity. To make a realistic judgement of changes in 
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wet-CS as a function of the raw material fineness, green pellets should be compared at equal 
plasticity. Also, from the general theory of particle packing, it is known that wide particle size 
distributions show a higher packing density than narrow ones [26]. However, this knowledge 
cannot be directly converted to a postulation that the wet strength in green pellets with wide 
particle size distributions would be higher, because the green pellet strength is only partly 
explained by the capillary forces. From everyday practical experience we know that raw 
materials with wider particle size distributions need to be balled with lower moisture content 
than raw materials with more narrow particle size distributions. Therefore, balling at constant 
plasticity would be needed for a meaningful comparison of the green pellet strength. 

In the study by Urich and Hahn [25], only one raw material batch was used and ground 
further. In this kind of study, changes in the proportion of large and small particles always 
show co-variation. In an industrial concentrating plant, recycling loads and side streams with 
sculpted particle size distributions often appear. The mass rate and composition of these flows 
can vary. Natural variations in hardness of the mined ore can create variations in the fine tail. 
Even variations in unit operations before the final grinding stage can influence the shape of 
the particle size distribution. Therefore, in industrial processes, individual variations in the 
coarse and fine size fractions can occur. For process control and development purposes, the 
magnitude of the resulting changes in the green pellet wet-CS and plasticity need to be 
understood.

In this work, two groups of magnetite iron ore pellet concentrates with different particle size 
distributions were studied. The samples were collected from LKAB concentrating plants 
under varying running conditions. The samples showed large, but realistic, differences in 
fineness within both groups. The moisture content giving a constant plastic deformation in 
green pellets was determined for each material and the green pellet properties were then 
compared. The material-specific moisture contents were correlated to variations in raw 
material fineness to see if the moisture content needed in balling could be predicted from on-
line particle size analysis of the pellet feeds.

2. Materials and methods

2.1 Materials 

The magnetite pellet concentrate samples were collected from the LKAB (Luossavaara-
Kiirunavaara AB, Sweden) Malmberget and Svappavaara concentrating plants by varying the 
feed rate into the grinding mills. The sampling was spread over a period of a few weeks at 
each of the plants. Thus, the samples also reflect some of the normal variations in ore quality. 
Five samples from Malmberget (MPC-1 to MPC-5) and six samples from Svappavaara (SPC-
1 to SPC-6) were collected. Particle size data obtained by screening and cyclosizer and the 
specific surface areas for each of the materials are shown in Table 1. The samples are 
arranged in order of increasing %-45 μm fraction by screening within both sample groups. 
Particle sizing was done by using the laser diffraction measuring method as well, but because 
no additional information was gained, this data is not reported here. 

The Malmberget magnetite pellet concentrate (MPC) is produced from the Malmberget 
magnetite ore, ground in ball mills in three stages, in open grinding circuits. The Svappavaara 
pellet concentrate (SPC) is produced using a certain size fraction of the magnetite ore from 
the LKAB Kiruna mine. The last grinding step at Svappavaara is done in a pebble mill 
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connected to a spiral classifier. To reach the target of around 10,000 cm2/cm3 in specific 
surface area in the pellet feed, SPC needs to be ground to 75% -45 μm and MPC only to 68% 
-45 μm. The difference in fine tail is because less fines is created from the Kiruna ore 
compared to the Malmberget ore. Differences in process layout contribute to the difference in 
the fine tail, as well. The samples marked as MPC-2 and SPC-3 in Table 1, represent typical 
process finenesses. The moisture content in balling is typically 8.2% for MPC and 9.0% for 
SPC. MPC typically contains  71.0% Fe, 22.9% Fe2+ and 0.5% SiO2. SPC typically contains  
70.9% Fe, 22.8% Fe2+ and 0.7% SiO2.

Table 1. Particle sizing data on raw materials. 
Spec. surface Cyclosizer Screening
area -7 μm -9 μm -13 μm -18 μm -26 μm -45 μm -63 μm -90 μm -125 μm

cm2/cm3 % % % % % % % % %

MPC-1 9491 16.5 21.6 29.2 35.2 49.0 66.1 77.5 88.5 94.9
MPC-2 10038 17.2 22.9 31.3 37.7 52.2 68.8 80.3 90.5 96.0
MPC-3 10774 18.8 24.9 34.1 41.0 55.8 71.7 81.7 91.3 96.6
MPC-4 11606 20.8 27.1 36.5 43.4 58.5 75.4 84.9 93.3 97.4
MPC-5 12386 20.3 27.0 37.0 44.4 59.9 77.2 86.7 94.7 98.1

SPC-1 9404 16.1 21.5 30.0 36.6 52.3 71.4 82.0 90.3 96.1
SPC-2 9747 16.4 22.0 31.1 38.0 54.4 74.9 86.0 94.2 97.9
SPC-3 10089 17.2 22.4 31.1 37.6 53.4 75.2 84.7 93.4 97.3
SPC-4 10184 16.0 21.6 30.4 37.2 53.6 75.3 85.9 94.5 98.2
SPC-5 10450 17.2 23.3 32.8 40.3 57.7 78.1 88.0 95.5 98.5
SPC-6 11000 18.5 24.7 34.5 42.3 59.9 80.1 90.0 96.3 98.9

Bentonite was used as a binder in balling. The bentonite showed an Enslin value of 580% 
(after 2 h) and a fineness of 94% -75 μm. The bentonite was dried overnight at 105oC and 
stored in a desiccator before balling.

Each of the test materials was balled to green pellets with 0.5% bentonite binder at several 
different moisture contents covering the whole range of ballable moistures. The MPC samples 
were balled between 7.5 and 8.6% moisture contents, the SPC samples between 8.2 and 9.4%. 
At 8.2% moisture, the ballable areas for the MPC and SPC samples overlap and allow 
comparison of the green pellet properties at the same moisture content. The SPC samples 
were also balled with very low moisture content, 7.5%. All the test materials were also balled 
without bentonite. 

2.2  Micro-balling

In the iron ore industry, small-scale balling is commonly called  micro-balling. Micro-balling 
was done in 7-kg batches of filtered material with about 6% moisture content. The balling was 
done in a drum with a diameter of 0.8 m, according to methods described earlier [2]. Screened 
green pellets between 10 and 12.5 mm were used for testing. The properties of wet green 
pellets were analysed within 20 minutes from preparation. 
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2.3  The Pellet Multi Press instrument (PMP) 

The instrument and measuring methods used to measure green pellet compression strength 
and plasticity have been described in detail earlier [2]. The instrument is a semi-automatic 
device to which 20 green pellets are loaded on a sample tray. During compression, the 
pressure data as a function of the travelling distance of the piston is collected at one-
millisecond intervals and stored in a database. After crushing, the pressure curves can be 
visually examined and are mathematically evaluated. A set of evaluation rules is applied to 
define the green pellet properties, as explained below. The average values, standard 
deviations, minimum and maximum values are calculated as well. The daN units are used in 
accordance with ISO4700 [27] to adapt the numerical values to the same level as in earlier 
iron ore pelletizing literature; 1 daN = 10 N = 1.02 kg. 

The breakage point is defined as the maximum load after which the pressure falls by at least 
10%. The pressure curves are classified according to their breakage pattern into three groups. 
In group A, the pressure falls by more than 80% after reaching the maximum pressure. This 
kind of breakage pattern is only found in dry green pellets with strong bindings. If the 
pressure falls by more than 50% but less than 80%, the green pellet is classified as belonging 
to group B. If the pressure falls by less than 50%, then the green pellet is classified as 
belonging to group C. The breakage patterns B and C are found in both dry and wet green 
pellets. In wet green pellets approaching the flooding point, the breakage point becomes 
rounded and less pronounced and is classified into group C. Typical breakage curves for each 
of the groups have been shown earlier [2]. 

The degree of plastic deformation in wet green pellets is calculated by drawing a regression 
line between given limits on the pressure curves, typically between 0.3 daN and 0.8 daN. This 
part of the pressure curve is usually linear. The amount of linear deformation when the green 
pellet is slowly loaded to 1 daN pressure, Def(1daN), is read as a distance between the piston 
positions at the regression line intercept with the x-axis and at 1 daN pressure, as shown in 
Fig. 1. If the green pellet is weaker than 1 daN, the regression line is simply extended over the 
breakage point to 1 daN. Def(1daN) is expressed in micrometers. 
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shown.
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The variation between individual green pellets within one micro-balling batch (20 green 
pellets) and the repeatability between ten parallel batches was shown earlier [2]. The variation 
between micro-balling batches is dominating. Therefore, when comparing green pellet 
properties with different raw materials or under different balling conditions, at least two 
parallel micro-balling batches of each sample need to be prepared. In this work, each 
observation is an average value of at least two, often more, parallel micro-balling batches. 

2.4 Other test methods 

The drop number is measured by dropping the green pellet from a height of 0.45 m to a steel 
plate. The breakage is visually detected. The drop number is given as the average number of 
drops before a fracture is observed. Moisture content was measured by drying overnight at 
105oC and is given by moist weight, according to standard praxis within the iron ore industry. 
Porosity was measured on dried green pellets using the GeoPyc 1360 instrument 
(Micromeritics Inc.) and absolute density with the AccuPyc 1330 gas displacement 
pycnometer (Micromeritics Inc.). These methods have been described earlier in detail [24]. In 
the GeoPyc instrument, the green pellets volume is measured by packing the sample in silica 
sand. Before measuring, the green pellets were strengthened by spraying with a lacquer. The 
GeoPyc measurement was calibrated against a mercury pycnometer, so that surface 
irregularities down to 9-μm pore openings were filled with mercury. The specific surface area 
was measured using the permeability method described by Svensson [28].  

3. Results and discussion 

3.1 The range of moisture contents applicable in balling 

Porosity as a function of the moisture content is shown in Fig 2. Porosity was linearly 
correlated to the moisture content and both the MPC and SPC samples were collected on the 
same correlation line. As iron ore green pellets are saturated with moisture, any green pellets 
should, at least theoretically, fall on the same porosity-moisture correlation line, if the green 
pellets do not contain air (or the amount of air is constant) and the same measuring method 
for porosity determination is used. Air in green pellets would lift the porosity values on a 
higher level. Small amounts of air were actually found in all studied green pellets, in plant 
pellets as well as in micro-balled green pellets. The liquid saturation (S) values were 
calculated from Eq. (2) and are shown in Fig. 3. Liquid saturation was above 100% in all 
samples balled with realistic moisture content. This is because the increase in the moisture 
content is compensated by an increase in porosity. The balling process is self-regulating and 
strives to keep the liquid saturation constant after the S = 100% level has been passed [2]. 
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 Fig. 2. Porosity in green pellets as a function of the moisture content. 
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Fig 3. Liquid saturation in green pellets as a function of the moisture content. 

Plasticity measured under slowly increasing load to 1 daN, Def(1daN), as a function of liquid 
saturation, is shown in Fig. 4. The figure shows large variations in plasticity, when S > 100%. 
Green pellets with 900 μm deformation are very wet, and green pellets with 500 μm 
deformation are very dry and only possible to ball in a small laboratory drum where the green 
pellet growth is forced by spraying additional water during balling. 
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Fig. 4. Plasticity measured as Def(1daN) as a function of liquid saturation.

The range of moistures applicable in balling (S 100%), was fairly large, about 1% within 
both sample series, see Fig. 2. Within this range, however, the green pellet plasticity and 
growth rate, both important parameters for industrial balling, vary substantially. This 
behaviour is explained as follows. In the low moisture range, balling is limited by the S = 
100% threshold value. At this point, the particles are packed to maximum packing density 
(minimum porosity) and all pores are filled with water, but there is not enough water to create 
liquid glide planes between particles. If the amount of liquid is lower than this threshold 
value, bonding by liquid bridges takes place and air is enclosed in the green pellet structure. 
Porosity will be higher than expected from the moisture content and the green pellets will 
show low plasticity. This is the case with the SPC samples balled at 7.5% moisture, see Fig. 
2-4. This moisture content is too low for industrial balling of these materials. The results are 
shown here as an example of green pellet properties when balling is forced outside the natural 
limits of moisture content. This can be done in laboratory-scale balling, but not in full-scale 
balling circuits. 

Increasing the moisture content above the threshold value “dilutes” the particles by drawing 
them further apart from each other. The increase in moisture is compensated by an increase in 
porosity and S stays practically constant. Liquid glide planes are formed between particles and 
plastic deformation of the agglomerates begins, as shown in Fig 4. Therefore, liquid saturation 
does not describe the green pellet properties at S > 100%, i.e. within the operational area of 
industrial relevance. To see the influence of fineness on green-pellet plasticity, it needs to be 
drawn against the moisture content. 

At the high moisture range, balling is limited by flooding. As the moisture content is 
increased, the amount of water finally becomes so large that the cohesive force of the binder 
liquid is not strong enough to keep the green pellet together, but it deforms under its own 
weight – flooding takes place. Increasing the amount of bentonite moves the flooding point 
towards higher moisture contents.  
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3.2 Moisture content of constant plasticity with varying raw material fineness 

After exceeding the S =100% threshold value, plastic deformation increases linearly with 
increasing moisture content, as shown by the experimental data in Fig. 5 and 6. The material- 
specific moisture content needed to create constant plasticity is obtained by reading, from the 
correlation lines, the moisture content corresponding to the desired plasticity.  
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Fig. 5. Def(1daN) as a function of the moisture content in green pellets balled of the MPC 
materials.

R2 = 0.85
R2 = 0.98

R2 = 0.93

R2 = 0.92

R2 = 0.92

R2 = 0.93

400

500

600

700

800

900

1000

1100

8.0 8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6

Moisture content in green pellets, %

D
ef

(1
da

N
), 
μm

SPC-1 SPC-2 SPC-3 SPC-4 SPC-5 SPC-6

Fig. 6. Def(1daN) as a function of the moisture content in green pellets balled of the SPC 
materials.

Within both sample groups, there is a discernable tendency that, with a given moisture 
content, plasticity increases as the raw material becomes coarser. However, two of the 
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samples showed deviating behaviour, namely MPC-2 and SPC-4. The MPC-2 sample was 
troublesome to ball, the green pellets tended to break during balling and caused uncontrollable 
growth. It behaved in balling as if the grind had been much coarser than expected from the 
particle size analysis data, see Table 1. Because no problems with balling of the coarsest MPC 
sample (MPC-1) were recorded, the behaviour of the MPC-2 sample cannot be explained by 
an excessively coarse grind. The other deviating sample, SPC-4, was easy to ball, but the 
slope of the plasticity versus moisture content line was appreciably larger than for the other 
samples. It is suspected that these two magnetite concentrate samples were contaminated with 
some hydrophobic substance, like oil. Unfortunately, the wetting properties of mineral 
particles are difficult to measure in a reliable manner. The behaviour of these two samples 
highlights, however, that particle size distribution is only one parameter controlling the 
specific moisture content needed in balling, wetting properties of the particles are probably at 
least equally important. 

Fig. 5 and 6 show that as the raw material becomes finer, an increasing amount of water is 
needed to keep the plasticity constant. However, the MPC and SPC samples clearly separate 
to their own groups. At 8.2% moisture content, the MPC samples show plasticity values 
between 600 and 850 μm, which is well within the range of good ballability, while the SPC 
samples at 8.2% moisture, all show very low plasticity (500 μm) indicating that the green 
pellets were dry and fragile. This difference can be explained by the differences in the particle 
size distribution, as will be shown later. 

The typical process samples, MPC-2 and SPC-3, both showed Def(1daN) around 700 μm 
with the moisture content used in the pelletizing plant (8% and 9%, respectively). Similar 
deformation values were also experimentally measured on plant green pellets. Therefore, 700 
μm deformation was taken as a reference. With this degree of plasticity, good ballability in 
full scale can be expected. The material-specific moisture content corresponding to 700 μm 
deformation is here marked as F700. The F700 values for each of the studied materials were 
read from the correlation lines in Fig. 5 and 6, and are collected in Table 2. 

Table 2. %-45 μm by screening,  F700, D45-13 and wet-CS/dry-CS at F700 for the studied 
materials.

Screening F700 D45-13 Wet-CS Dry-CS 
-45 μm at F700 at F700

% % % daN/pellet daN/pellet

MPC-1 66.1 8.1 36.9 1.12 5.0
MPC-2 68.8 7.9 37.5 0.98 4.0
MPC-3 71.7 8.3 37.6 1.14 4.4
MPC-4 75.4 8.5 38.9 1.08 4.1
MPC-5 77.2 8.6 40.2 0.83 3.7

SPC-1 71.4 8.7 41.4 1.11 5.8
SPC-2 74.9 8.7 43.8 1.04 5.2
SPC-3 75.2 9.0 44.1 1.25 4.3
SPC-4 75.3 8.7 44.9 1.08 5.4
SPC-5 78.1 9.0 45.3 1.06 4.9
SPC-6 80.1 9.3 45.6 0.97 3.6
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The separation between the MPC and SPC samples is further highlighted when the F700 values
are drawn against the specific surface area of the magnetite concentrate raw material, see Fig. 
7. With 10,000 cm2/cm3 specific surface area, F700 can vary between 8.1 and 8.9%, depending 
on the origin of the sample. If F700 is drawn against the %-45 μm size fraction, the two sample 
groups are brought closer to each other, although they still separate, see Fig. 8. This means 
that neither the large particles nor the fine tail alone can predict the amount of water needed in 
balling; instead, it is affected by the slope of the particle size distribution. The relative slopes 
between different samples can be described by the difference between the %-45 μm (by 
screening) and %-13 μm (by cyclosizer) fractions and is marked here as D45-13. The D45-13
values for each of the materials are given in Table 2. The %-13 μm fraction correlates well 
with the specific surface area values, as shown in Fig. 9. Therefore, it can reasoned that the 
%-45 μm fraction describes the larger particles building the skeletal network in green pellets 
and the %-13 μm fraction describes the filler, which fills a part of the pore volume otherwise 
filled with water. Naturally, if the material is so finely ground that almost all particles are 
below 45 μm, then the skeletal building size fraction must be sought in smaller particle sizes. 
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Fig. 9. Specific surface area as a function of the %-13 μm fraction (by cyclosizer) in the 
magnetite concentrate raw material.

F700  is plotted against the slope of the particle size distributions, D45-13, in Fig 10. Both the 
MPC and SPC samples are collected on the same correlation line with a prediction error of 
only 0.2% in F700. An increase in slope means that the particle size distribution becomes 
narrower. As the size difference between the smallest and largest particles decreases, the 
packing density decreases (porosity increases), as is known from the general theory of 
packing of dry particles, comprehensively reviewed by German [26]. Therefore, with 
increasing slope, more water is needed to fill the voids between the particles.  

The raw material fineness analysis in Table 1 shows, that varying the mill feed rate causes 
only relatively small changes in the %-13 μm fraction (expressed in mass per cent), compared 
to changes in the %-45 μm fraction. Therefore, the slope is in practice dominated by changes 
in the %-45 μm fraction and only a moderate adjustment for changes in the specific surface 
area (%-13 μm) is needed. This explains why the correlation lines for F700 against %-45 μm 
(Fig. 8) are closer to each other than the corresponding lines drawn against specific surface 
area (Fig. 7). The slope of the particle size distribution increases as the ‘degree of grinding’, 
%-45 μm, increases. 
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According to general practical knowledge, the specific surface area in balling of iron ore 
needs to exceed around 9,500 cm2/cm3 in order to assure good ballability of the raw material. 
Therefore, the ‘degree of grinding’, %-45 μm, needs to be chosen so that this threshold value 
in specific surface area is exceeded and the moisture content needs to be adjusted so that the 
desired degree if plasticity is reached. Probably the most detrimental factor for a balling 
process would be continuous variation in slope – the moisture content in balling would be 
alternately too high and too low compared to the F700 of the incoming pellet feed.  

The difference in plastic behaviour in green pellets balled from the MPC and SPC materials 
can also be seen in the sorting of green pellets by their breakage pattern. Wet green pellets 
with C type breakage pattern typically break  through plastic flow, as was described earlier.  
The amount of green pellets with C type breakage pattern as a function of the moisture 
content is shown in Fig. 11. The MPC and SPC samples clearly separate to their own groups, 
even if the large variation in fineness within each sample group adds to the spread of the 
measurements. At 8.2% moisture content, on average about 70% of the green pellets balled of 
the MPC materials (of any fineness) showed breakage through plastic flow. In green pellets 
balled from the SPC materials at 8.2% moisture content, practically no C-type breakage 
pattern was found. If the proportion of green pellets showing C-type breakage pattern is 
drawn against plasticity, Def(1daN), the experimental points for the MPC and SPC samples 
practically merge on the same correlation line, although the experimental spread is fairly 
large, see Fig. 12. The correlation occurs because the C-type breakage pattern and Def(1daN), 
both describe the same property of wet green pellets. 
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Fig. 12. The amount of green pellets showing C-type breakage pattern in wet-CS test as a 
function of plasticity, Def(1daN).

Also, the drop numbers for the green pellets were measured and a similar, though not so 
marked, correlation between the drop number and Def(1daN) was found. The spread in the 
drop number values was quite substantial, although the tests were done by one operator only. 
If tests had been done by several operators, the trend probably would have drowned in 
experimental errors. 

The discussion above shows that the measurement of green pellet plasticity and breakage 
pattern can be utilized in several ways. Firstly, it can be used to determine the material-
specific moisture content for a specific pellet feed. This is done by micro-balling the studied 
material at different moisture contents and by measuring the plasticity. If more exact figures 
are desired, at least three different moisture contents above 100% filling degree are needed. 
From the linear correlation line connecting these points, the exact moisture value for desired 
plasticity can then be read. Secondly, the green-pellet plasticity measurement can be used to 
determine if the moisture content in plant green pellets is suitable in relation to the properties 
of the current pellet feed. In this work, 700 μm deformation (Def( 1daN)) was chosen as a 
reference value. This need not, however, be an optimum value for the pelletizing process as a 
whole.

3.3 Comparison of wet compression strength at varying raw material fineness 

Wet-CS values at a common level of plasticity (at measuring points nearest the material 
specific F700 values), as a function of the specific surface area of the magnetite raw material, 
are shown in Fig. 13. The numerical values are given in Table 2. No dependence on raw 
material fineness was found. No difference between the MPC and SPC samples was found 
either, although the MPC samples have an appreciably broader particle size distribution 
compared to the SPC samples. This applies when the green pellets were balled with 0.5% of 
the bentonite binder. Wet-CS values for green pellets balled without bentonite are shown in 
Fig.14. The results resemble the data shown earlier [2,25]. Up to about 11,000 cm2/cm3, only 
a slight increase in wet-CS can be seen. As the specific surface area exceeds this value, a 
more rapid growth in wet-CS takes place.  
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Fig. 13. Wet-CS as a function of the specific surface area at constant plasticity. Balled with 
0.5% bentonite.
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Fig. 14. Wet-CS as a function of the specific surface area at constant plasticity. Balled 
without bentonite.

The comparison of wet-CS values at a constant moisture content of 8.2% (and with 0.5% 
bentonite) is shown in Fig. 15. If the influence of raw material fineness would be judged by 
using a constant moisture content in balling, the two coarsest MPC samples (MPC-1 and 
MPC-2) would be classified as too coarse, because of the weak green pellets. Also, the SPC 
green pellets appear to be stronger than the MPC green pellets. This is, however, only an 
effect of differences in plasticity. The moisture content of 8.2% is high for the MPC-1 and 
MPC-2 materials. The green pellets show high plasticity and become weaker. For the SPC 
materials, 8.2% moisture content is low and wet-CS is near to the maximum value. However, 
large-scale balling at this low moisture content would probably not be feasible.
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Fig 15. Wet-CS as a function of the specific surface area at constant moisture content, 8.2%. 
Balled with 0.5% bentonite. 

The dry-CS values were between 4 and 5 daN/pellet in all samples, see Table 2. No 
correlation to raw material fineness was found in spite of the fairly large differences in 
porosity between the MPC and SPC samples. Dry-CS is completely controlled by the amount 
of bentonite added, as expected. It may be possible, however, that the abrasion strength is 
influenced by the variations in particle size due to variations in roughness of the green pellet 
outer surface. 

The results show that if no bentonite binder is used, the capillary forces prevail and the raw 
material fineness largely influences wet-CS, as expected from the Rumpf equation, Eq. (1). In 
the presence of the viscous bentonite binder, there was no difference in the wet-CS although 
the advantages of a wider particle size distribution and a finer grind in agglomeration have 
been claimed. In the presence of viscous binders, the main parameters controlling wet-CS are 
the moisture content, the viscosity in the binder liquid (up to a certain threshold value) and 
probably also the wetting properties of the particles. Comparing green pellet strength at 
constant moisture content, if the raw material fineness varies, would lead to incorrect 
conclusions.

4. Conclusions 

The results point out that comparison of green pellets by their wet compression strength needs 
to be done at constant plasticity, not at constant moisture. At constant plasticity, iron ore 
green pellets balled with the viscous bentonite binder showed no difference in wet 
compression strength as a function of the raw material fineness or the slope of the particle size 
distribution, within realistic process variations. This finding fits well with earlier experiments 
which showed that the main binding force is the viscous force. Only less than one half of the 
green pellet wet strength originates from the capillary forces [2], which are sensitive to 
changes in raw material fineness. It seems that the general statement found in agglomeration 
textbooks [1,3,5], that both increasing raw material fineness and a broader particle size 
distribution result in increasing wet strength of the agglomerates, does not apply in large-scale 
balling of iron ore green pellets, as long as the specific surface area of the raw material is 
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within the ballable area. This information is of great importance for the control of the balling 
circuits: variations in the grind of the pellet feed would not show in the green pellet wet 
compression strength as long as the green pellet plasticity is kept constant by adjusting the 
moisture content. Other green pellet properties like the abrasion strength, the growth rate, the 
oxidation rate in case of magnetite iron ore and the sintering rate are, however, all expected to 
change with changes in raw material fineness. 

Fineness, or rather the slope of the particle size distribution curve, has a major impact on the 
moisture content needed to create plasticity in green-pellets. The moisture content giving rise 
to 700 μm plastic deformation during slow compression to 1 daN pressure is marked as F700
and is a material-specific parameter. Variations in F700, were better described by the large 
particles (%-45 μm) than the small ones (%-13 μm or the specific surface area). Best 
correlation was obtained using the slope of the particle size distribution, here expressed as a 
difference between the size fractions %-45 μm and %-13 μm. The correlation error was only 
±0.2% in F700. Naturally, if the process variations in the slope of the particle size distribution 
are small, F700 can be predicted by only measuring the %-45 μm fraction. This assumption is 
actually made today, because the grinding of MPC and SPC pellet feeds is controlled by the 
%-45 μm fraction exclusively.  If the slope increases, the amount of water needs to be 
increased to keep the plasticity in green pellets constant. 

In controlling full-scale balling, it is not enough just to keep the moisture content constant, 
because variations in raw material fineness and particle wetting properties occur. The larger 
the difference between the actual moisture content and F700, the larger will be the effect in 
balling kinetics due to the difference in plasticity. The judgement if balling is running “wet” 
or “dry” can now be based on the measurement of green pellet plasticity and breakage pattern. 

The concept of constant plasticity in green pellets (F700) and the ability to predict F700 from 
the slope of the particle sizing curve (D45-13),can hopefully be used to improve the uniformity 
of the balling process. In this work, particle sizing was done by screening and cyclosizer, both 
fairly time consuming methods. In plant applications, the control of grinding needs to be 
based on on-line particle size measurement, especially if variations in the slope of the particle 
size distribution is expected. A feasibility study for on-line measurement using laser 
diffraction has been started. 

In the case of magnetite pellet concentrates, the particle size distribution is also an important 
issue influencing the oxidation of magnetite to hematite. It is a highly exothermic reaction and 
largely influences the final pellet quality. Since the influence of variations in the magnetite 
concentrate fineness on the green pellets strength and porosity (moisture content) is now 
known, further optimization of the grinding processes towards higher metallurgical quality in 
pellets will be facilitated.  
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Abstract

The properties of iron ore green pellets with varying additions of a surface-active flotation 
collector reagent (Atrac) were studied by small-scale balling. The compression strength and 
plasticity were measured with a semi-automatic measuring device and the pressure curves 
were saved and subjected to further mathematical treatment. The green pellet breakage was 
also filmed with a high-speed camera. Adding Atrac to the pellet feed seriously damaged the 
quality of green pellets, even in small dosages. This is because an increasing amount of air 
bubbles became so strongly attached on the particle surfaces that they could not be removed 
during compaction by balling. The adsorption of air in green pellets was seen as an increase in 
porosity and a decrease in the filling degree (proportion of pores filled with water). Both the 
wet and dry compression strength decreased. The air bubbles behaved like large, plastic 
particles and the plasticity increased beyond an acceptable level. Breakage started inside the 
green pellets, along the air bubbles, and generated multi-breakage patterns in wet as well as 
dry green pellets. Green pellet breakage to crumbs instead of a few distinct segments, 
promotes the generation of dust and fines and leads to lower bed permeability in the 
pelletizing machine. 

The results show that the decrease in iron ore green pellet wet strength in the presence of 
surface-active agents is not fully described by using surface tension and contact angle as 
variables in mathematical expressions. The primary problem is not the contact angle between 
the solid and water phases, but arises from the strong attachment of air bubbles to the 
hydrophobic particle surfaces.

Keywords: agglomeration; granulation; magnetite; iron ore; green pellets; flotation; plasticity; 
porosity

1. Introduction  

In the iron ore industry, agglomeration is large-scale. An iron ore pelletizing plant produces 
typically between 4 and 7 million tonnes of iron ore pellets per year, which corresponds to an 
hourly production rate of 500 to 900 t/h. Agglomeration is started by grinding and upgrading 
the iron ore to a concentrate with desired chemical quality and with a particle size distribution 
suitable for balling. The iron ore concentrate is then filtered, mixed with a binder, usually 
bentonite, and balled in large balling drums to wet green pellets. The capacity in one balling 
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circuit can be up to 200 t/h. The green pellets are screened to collect the on-size fraction (9 – 
16 mm) for induration; the under-size fraction is recycled back to the balling drums as seeds. 
The recycling loads are usually large, about 1.2 – 2.0 times the amount of fresh feed. The on-
size green pellets are conveyed to the pelletizing machine where they are dried and indurated 
to strong, sintered agglomerates, ready for transportation to blast furnaces or direct reduction 
plants.

The strength and behaviour of green pellets in wet and dry states has a major influence on the 
pellet plant capacity. Weak green pellets result in increasing circulating loads in the balling 
circuits. Also, breakage during drying and induration results in dust generation and decreased 
permeability in the pellet bed, with negative consequences for both production capacity and 
pellet quality. The practical behaviour of iron ore agglomeration systems in production plants 
is quite well known. Increasing the moisture content and decreasing the binder dosage both 
increase the green pellet growth rate. Insufficient moisture content causes oscillation in 
balling circuits. A certain level of oscillation is a commonly accepted means of determining 
the lowest possible moisture content for the specific pellet feed. Recently, a new measuring 
method was introduced to measure the plasticity in wet green pellets [1,2].  Green pellet 
plasticity indicates if the moisture content is correct in relation to the properties of the pellet 
feed. At the pelletizing plant, much effort is made to achieve consistency in all balling 
parameters to stabilize the process so that the balling conditions can be adapted for the 
properties of the incoming pellet feed. The worst case in balling would be continuous 
variations in the properties of the pellet feed. 

Agglomeration of iron ore concentrates cleaned by flotation (flotated pellet feeds) has always 
been recognized as a problem [3]. Balling of flotated pellet feeds not only tends to produce 
weaker green pellets, but the properties of the incoming pellet feed also show continuous 
variations, which causes instability in the balling circuits. As flotation is accomplished by 
using a surface-active reagent as a collector, the logical conclusion is that either low surface 
tension or adsorption of the collector reagent on the pellet feed particles is the origin of the 
problem. In agglomeration theory, the influence of surface-active reagents on the agglomerate 
static tensile strength is described by including surface tension and contact angle as variables 
in mathematical expressions, as in the well known Rumpf equation [4], Eq. (1).  

cos11
d

a LVc     (1)

where c is the green pellet wet tensile strength due to the capillary force, a is a constant,  is 
the fractional porosity of the granule, LV is the liquid surface tension, d is the surface-average 
particle diameter and  is the liquid-solid contact angle. 

However, no experimental studies to validate the dependency of agglomerate strength on 
variations in the contact angle (hydrophobicity) were found. This is probably because specific 
adsorption and low surface tension tend to coincide and also, because of the difficulties to 
reliably measure contact angle on mineral particles [5]. Also, as pointed out in the review by 
Iveson et al. [6], although the trends in Eq. (1) regarding the influence of porosity, particle 
size and surface tension are all observed experimentally, the equation usually fails 
quantitatively. This is expected to be due to crack propagation along pore structures in the 
granules. Cracks and defects in granules are expected to be the major determinants of strength 
[7].
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Luossavaara-Kiirunavaara AB (LKAB) has magnetite iron ore deposits at Kiruna and 
Malmberget in northern Sweden. The Kiruna ore deposit contains some apatite, which is 
cleaned by reverse flotation. The phosphorus content is lowered from around 1% P in the 
flotation feed to <0.025% P in the final magnetite pellet concentrate. Sodium silicate is used 
as a dispersant and depressant. An anionic collector (Atrac 1563) together with a frother 
(Methyl isobutyl carbinol, MIBC) is used to float the apatite. The Atrac dosage is adjusted by 
the phosphorus content in the final concentrate. Atrac dosages vary normally between 30 and 
70 g/t magnetite concentrate. The amount of Atrac adsorbed on the pellet feed has been 
analyzed by using different, fairly complicated analytical methods [3,8]. It has been estimated 
to be somewhere between 10 and 30 g/t, the level depending on the measuring techniques 
used and also on the Atrac dosage used in flotation. Surface tension in the water phase of the 
pellet feed is regularly measured and as a rule, the water phase is practically free of surface- 
active agents.  

Development work has recently been done at LKAB to achieve better reproducibility in 
laboratory-scale balling and also to develop the measuring methods used for green pellet 
characterization [1,2]. The aim of this study was to apply these techniques to study the green 
pellet properties with additions of the Atrac collector reagent. It would be valuable for the 
process operators to know how the green pellet properties change when the surface-active 
collector reagent is carried over to the pelletizing plant. Because Atrac additions influence 
both the surface tension of the water phase and the wetting properties of the particles, some 
batches were also balled with water-ethanol mixtures to study the influence of lower surface 
tension only.

2. Materials and methods 

2.1 Materials 

The magnetite pellet concentrate sample was collected from the LKAB Kiruna concentrating 
plant after flotation. The sample contained 71.4% Fe, 0.44% SiO2 and 0.018% P. The fineness 
was 84% -45 μm and 94% - 63 μm by screening, the specific surface area measured by a 
permeability method [9] was 9920 cm2/cm3 and the BET surface area was 0.511 m2/g. The 
density was 5.11 g/cm3. The magnetite concentrate was stored as filtered material in barrels 
for about one year prior to testing.

Bentonite was used as a binder in balling. The bentonite showed an Enslin value of 580% 
(after 2 h) and a fineness of 94% -75 μm. The bentonite was dried overnight at 105oC and 
stored in a desiccator before balling.

The collector reagent, Atrac 1563 (Akzo Nobel, Sweden), is a mixed anionic collector 
consisting of a main collector, a co-collector and a foam regulator. It consists to about 95-
98% of surface-active compounds and 2-5% organic compounds such as maleic acid and 
glycol derivates. Atrac 1563 is a yellow, fairly high-viscosity liquid (150-200 mPas at 20oC)
consisting of protonated carboxylic acids. A 5% emulsion was prepared and the pH was 
adjusted to 8.5 ± 0.1 using NaOH. Working solutions were prepared by further dilution of a 
freshly prepared 5% emulsion and used within 24 hours of preparation.
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2.2 Surface tension measurements and adsorption tests 

The surface tension was measured by a digital tensiometer K10ST (Krüss GmbH) using the 
Wilhelmy plate. Atrac solutions were allowed to stand for 10 to 20 minutes before the surface 
tension was measured. This is long enough for the surface-active compounds to arrange at 
equilibrium concentration at the air-water interface.  

The amount of Atrac which adsorbs on the magnetite concentrate under conditions relevant 
for the micro-balling tests was roughly estimated by mixing weighted amounts of dry 
magnetite concentrate powder with Atrac solutions of 2 and 5 mg/dm3. The samples were 
gently shaken for about 30 minutes and thereafter filtered through a Whatman 934-AH filter 
paper. The filter paper was carefully rinsed with distilled water and dried before use to 
remove possible remnants of surface-active agents originating from the production process of 
the paper itself. Surface tension was then measured with the K10 tensiometer. A blank sample 
without magnetite concentrate was prepared in a similar manner. 

2.3  Micro-balling  

In iron ore industry, small-scale balling is commonly referred to as micro-balling. Micro-
balling was done in 7-kg batches of filtered material with about 6 % moisture content. The 
moisture content was adjusted in two steps. First, the moisture was adjusted to 0.5% below 
the target moisture content. The batch was then allowed to stand in an acclimatization cabinet 
at 80% relative humidity and 40oC for two hours [1]. Thereafter, an accurately weighed 
amount of dried bentonite was mixed with the magnetite concentrate in a laboratory mixer 
and the moisture content was adjusted to 9.4% during additional mixing. Balling was started 
immediately after mixing and was done in a drum with a diameter of 0.8 m, according to 
methods described earlier [1]. The final moisture content in green pellets was 9.1 ± 0.1%. 
Screened green pellets between 10 to 12.5 mm were used for testing. Atrac and ethanol 
(EtOH) additions were done by mixing them with the water used to adjust the moisture 
content to its final level, i.e., after the material had been conditioned in the acclimatization 
cabinet.

The variation in strength and plasticity between individual green pellets within one micro-
balling batch and the repeatability between ten parallel batches was shown earlier [1]. At least 
two parallel micro-balling batches were prepared with each level of Atrac and EtOH additions 
and average values are reported.  

In the industrial flotation process, water glass (sodium silicate) is used as a conditioner. It is 
added to the concentrate slurry before the addition of the Atrac collector reagent. Also, MIBC 
(Methyl isobutyl carbinol) is used as a frother and it is added after the Atrac reagent. These 
components were not used in the micro-balling studies, because more mixing would have 
started the agglomeration already in the mixer. This simplification of the measuring 
conditions is not expected to change the interpretation of the measuring results.  

2.4  The Pellet Multi-Press instrument (PMP) 

The measuring methods used to measure the green pellet compression strength and plasticity 
have been described in detail earlier [1,2]. The instrument is a semi-automatic device to which 
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20 green pellets are loaded on a sample tray. During compression, the pressure data as a 
function of the travelling distance of the piston are collected at one-millisecond intervals and 
stored in a database. After crushing, the pressure curves can be visually examined and are 
mathematically evaluated. A set of evaluation rules is applied to define the green pellet 
properties, as explained below. The average values, standard deviations, minimum and 
maximum values are calculated as well. The daN units are used in accordance with ISO4700 
[10] to adapt the numerical values to the same level as in earlier iron ore pelletizing literature; 
1 daN = 10 N = 1.02 kg. A high-speed camera (200 images per second, resolution 640x480 
pixel) was connected to the PMP instrument for the registration of the green pellet breakage, 
when desired.

The green pellet breakage point is defined as the maximum load after which the pressure falls 
by at least 10%. The pressure curves are classified according to their breakage pattern into 
three groups. In group A, the pressure falls by more than 80% after reaching the maximum 
pressure. This kind of breakage pattern is only found in dry green pellets. If the pressure falls 
by more than 50% but less than 80%, the green pellet is classified as belonging to group B. If 
the pressure falls by less than 50%, then the green pellet is classified as belonging to group C. 
In wet green pellets, only group B and C breakage patterns are found. The group B breakage 
is faster and more brittle. The group C breakage is slower and more plastic.  Some typical 
pressure curves for group B and C breakage in the wet compression strength test (wet-CS) are 
shown in Fig.1. When the plasticity in wet green pellets increases, the proportion of green 
pellets showing a group C breakage pattern increases and correspondingly, the proportion of 
pellets with a group B breakage pattern decreases [1].
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Fig. 1. Typical group B and C breakage patterns in the wet compression test. The calculation 
of green pellet plasticity, Def(1daN), is shown.

The degree of plastic deformation in wet green pellets is calculated by drawing a regression 
line between given limits on the pressure curves, typically between 0.3 daN and 0.8 daN. This 
part of the pressure curve is usually linear. The amount of linear deformation when the green 
pellet is slowly loaded to 1 daN pressure, Def(1daN), is read as a distance between the piston 
positions at the regression line intercept with the x-axis and at 1 daN pressure, as shown in 
Fig. 1. If the green pellet is weaker than 1 daN, the regression line is simply extended over the 
breakage point to 1 daN. Def(1daN) is expressed in micrometres. 
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The filling degree in green pellets describes the proportion of voids filled with water. The 
calculation formula is found in earlier literature (e.g., Refs. [11-13, 1,2]). 

2.5 Other test methods 

The drop number is measured by dropping the green pellets from a height of 0.45 m to a steel 
plate. The breakage is visually detected. The drop number is given as the average number of 
drops before a fracture is observed. Moisture content was measured by drying overnight at 
105oC and is given by moist weight, according to standard practice within the iron ore 
industry. Porosity was measured on dried green pellets by the GeoPyc 1360 instrument 
(Micromeritics Inc.) and absolute density by the AccuPyc 1330 gas displacement pycnometer 
(Micromeritics Inc.). These methods have been described earlier in detail [14]. In the GeoPyc 
instrument, the green pellet volume is measured by packing the sample in silica sand. Before 
measuring, the green pellets were strengthened by spraying with a lacquer. Two parallel 
measurements were performed on each sample. The GeoPyc measurement was calibrated 
against a mercury pycnometer, so that surface irregularities down to 9 μm pore openings were 
filled with mercury.  

3. Results 

3.1  Surface tension measurements and Atrac adsorption on the magnetite concentrate 

To describe the liquid surface tension in the balling experiments, equilibrium surface tension 
in Atrac 1563 solutions in distilled water, in plant water (140 mg/dm3 Ca) and in distilled 
water mixed with 3% EtOH, was measured and is shown in Fig. 2. The critical micelle 
concentration, CMC, was around 15 and 10 mg/dm3 in distilled and plant water, respectively. 
EtOH addition increased Atrac solubility and the CMC point was moved to above 50 mg/dm3.
Surface tension in aqueous ethanol (EtOH, 99.5%) solutions is shown in Fig. 3.  
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Fig. 2. Equilibrium surface tension in Atrac 1563 solutions prepared in distilled water, in 
plant water and in distilled water mixed with 3% ethanol (EtOH).
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Fig. 3. Surface tension in aqueous ethanol (EtOH) solutions.

The results from the adsorption tests are shown in Fig. 4. As the magnetite concentrate 
powder was added in increasing amounts in 1 dm3 of the Atrac standard solution, the surface 
tension in the solution increased until all Atrac was adsorbed and the surface tension was the 
same as for water (72 mN/m). Complete adsorption took place with 200 g of the magnetite 
concentrate mixed in the 2 mg/dm3 Atrac solution and 500 g in the 5 mg/dm3 Atrac solution. 
It can then be calculated that roughly 10 g Atrac adsorbs per tonne magnetite concentrate, 
under conditions relevant in the micro-balling tests. This result is in good agreement with 
earlier analysis results regarding the amount of Atrac reagent adsorbed on the flotated pellet 
feed [3,8].
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Fig. 4. Surface tension in Atrac solutions mixed with varying amounts of the dry magnetite 
concentrate powder.

3.2 The influence of Atrac (surface-active agent) addition on green pellet properties

Wet compression strength (wet-CS) as a function of the amount of Atrac added in the pellet 
feed before balling is shown in Fig 5. The area of specific Atrac adsorption on magnetite ( 10
g Atrac/t) is marked on the figure. The amount of water in the moist pellet feed material is so 
small that as soon as this maximum adsorption capacity of the magnetite concentrate is 
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exceeded, micelles are formed and the surface tension drops to around 30 mN/m. Wet-CS 
decreased substantially already at small Atrac dosages and stabilized at around 60 g/t. As wet-
CS decreased, the porosity increased from 33% to 37%, see Fig. 6. Because the moisture 
content was constant, the filling degree decreased from 102 to 90%, see Fig. 7.  Plastic 
deformation expressed as Def(1daN) increased from 700 μm, which is the normal level, to 
1100 μm, as shown in Fig. 8. The breakage pattern changed from the brittle B-type breakage 
pattern to the more plastic C-type breakage pattern, see Fig. 9. The drop number in the 
reference green pellets was 5. In all green pellets balled with Atrac, the drop number was low 
and varied between 2 and 3 without showing any specific trend. 
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Fig. 5. Wet compression strength (wet-CS) as a function of Atrac addition. The area of 
specific Atrac adsorption on magnetite ( 10 g Atrac/t) is marked on the figure. 
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Fig. 9. Amount of green pellets showing C-type breakage pattern in the wet-CS test as a 
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Polished samples of dried green pellets were prepared and studied by SEM. An overview of 
the green pellet structure about 1.5 mm beneath the outer surface is shown in Fig. 10. In 
reference green pellets without Atrac (Fig. 10a), most of the pores were irregular in shape, as 
expected when they are filled with water. Only a few rounded cavities resembling air bubbles 
were found.  In green pellets with Atrac (Fig. 10b), a large number of rounded cavities of 
varying sizes could be seen. Detailed images of some typical cavities are shown in Fig. 11. 
The particles are regularly arranged around the edges of the cavities, possibly due to surface 
tension forces, which develop at the capillary openings towards the air bubble.

Green pellets show fairly large structural variations even if they are taken from the same 
micro-balling batch. Therefore, even if microscope images confirm air inclusions in green 
pellets, the amount of air is probably best estimated by calculating the filling degree, S. The 
advantage of using S is that the amount of sample used in the porosity determination is fairly 
large (100 g) and therefore, the obtained porosity value is an average value for about 25 green 
pellets. Some air was found experimentally in all green pellets, in plant green pellets as well 
as in micro-balled green pellets, by sinking them in water and cleaving with a spatula. The 
results show that if the amount of air in green pellets increases above this “background” level, 
S very quickly falls below 100%, as seen in Fig. 7. 

(a) (b)
Fig. 10. SEM images showing the structure in green pellets about 1.5 mm beneath the outer 
surface: (a) a reference green pellet without Atrac (b) a green pellet balled with 60 g Atrac/t. 

Fig. 11. SEM images showing details around the air bubbles in green pellets balled with 60 g 
Atrac/t.
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Some typical pressure curves collected with the PMP instrument from wet-CS measurement 
are shown in Fig 12. The pressure curves show that with Atrac added to the pellet feed the 
pressure curves became more rounded and the breakage event was slower. The compression 
of wet green pellets was also filmed with the high-speed camera. The camera images showed 
that in green pellets containing Atrac, the breakage often seemed to start inside the green 
pellets, initially causing several simultaneous cracks. As the compression advanced further, 
the small cracks merged together to one single crack. High-speed camera images for a typical 
reference green pellet and for a green pellet balled with Atrac and showing the multi-breakage 
behaviour are shown in Fig. 13.
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Fig. 12. Some typical pressure curves for wet green pellets (wet-CS test) without Atrac 
(reference) and with 60 g Atrac/t.

(a) (b)
Fig 13. High-speed camera images showing typical cracks in wet green pellets: (a) a 
reference green pellet without Atrac (b) a green pellet balled with 60 g Atrac/t showing 
several simultaneous cracks. 

Dry compression strength, dry-CS, as a function of Atrac addition is shown in Fig. 14. Dry-
CS decreased from 5.8 to 4.0 daN/pellet with 10 g Atrac/t and then stabilized on this level. 
The decrease in the numerical value for dry-CS was smaller than expected from the high-
speed camera images. Some images of typical breakage sequences are shown in Fig. 15. 
Green pellets containing Atrac showed more multi-breakage sequences. Not only one, but 
several, cleavage planes were formed and the green pellets were broken to crumbs instead of 
two or three larger pieces. More fines appeared to loosen at the moment of crack formation in 
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green pellets balled with the Atrac reagent. The increased tendency for multi-breakage 
sequences in the dry-CS test can also be seen in the pressure curves collected with the PMP 
instrument, see Fig 16. The sharp pressure drop found in reference green pellets was often 
altered to a sequence of several small pressure drops associated with the formation of new 
cracks. The pressure curves also show that, in the case of dry green pellets, the classification 
of breakage patterns did not describe the breakage especially well. Both the strong reference 
green pellet and the weak green pellet with Atrac, in Fig. 16, showed group A breakage 
patterns. This is because in the green pellets with Atrac, the final pressure drop came only 
after several pieces broke loose during compression.   
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Fig. 14. Dry compression strength, dry-CS, as a function of Atrac addition. The area of 
specific Atrac adsorption on magnetite ( 10 g Atrac/t) is marked on the figure.

(a) (b)

(c) (d)
Fig. 15. High-speed camera images showing typical cracks in dry green pellets (dry-CS test): 
(a) a reference green pellet without Atrac (b-d) green pellets with 60 g Atrac/t. 
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Fig. 16. Some typical pressure curves for dry green pellets (dry-CS test) without Atrac 
(reference) and with 60 g Atrac/t.

3.3 The influence of EtOH addition (low surface tension) on green pellet properties

Some micro-balling experiments were done by mixing EtOH into the pellet feed. EtOH 
decreases the surface tension in the water phase without influencing the wetability of the 
magnetite particles. The EtOH concentrations varied between 2 and 14%, which results in 
surface tension values between 65 and 45 mN/m, according to Fig. 3. Wet-CS decreased from 
1.21 to 0.85 daN/pellet due to the EtOH additions, as shown in Fig. 17. This corresponds 
approximately to the relative change in wet-CS expected from the Rumpf equation, Eq. (1). 
The breakage pattern remained brittle (82% B-type breakage patterns, on average) and 
practically no change in porosity was measured (33.0 ± 0.4%). Some increase in green pellet 
plasticity was observed. Def(1daN) increased from 700 to 900 μm.  
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Fig. 17. Wet compression strength (wet-CS) in green pellets as a function of the ethanol 
(EtOH) concentration in the water phase.
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Some micro-balling experiments were also done by mixing both EtOH (3%) and Atrac (60 
g/t) simultaneously into the magnetite concentrate before balling. The measuring points are 
shown in earlier figures, Fig. 5 to 9. The addition of EtOH lowered the wet-CS substantially 
from the value obtained with Atrac only (from 0.90 to 0.75 daN/pellet). The addition of EtOH 
also further increased the porosity and plasticity – all signs of increased amounts of entrapped 
air in the green pellets. Probably, EtOH either behaves as a frother or by some means 
stabilizes the air bubbles adhering to magnetite surfaces. 

4. Discussion 

When the surface-active agent, Atrac, was mixed with the magnetite concentrate, an 
increasing amount of air bubbles became so strongly attached to the particle surfaces that they 
could not be removed from green pellets during compaction by balling. The best way to detect 
that Atrac is carried over to the pelletizing plant is to measure the green pellet porosity and 
moisture content and calculate the filling degree. 

The main increase in porosity took place at Atrac dosages below 10 g/t, which is roughly the 
maximum adsorption capacity for the magnetite concentrate, but wet-CS continued to 
decrease and Def(1daN) continued to increase, even at larger Atrac dosages. This decrease in 
wet-CS can hardly be explained by a decrease in the capillary forces, because the amount of 
water is so small that the CMC point is passed as soon as the specific adsorption on magnetite 
is completed. Therefore, at Atrac dosages above 10 g/t, the surface tension becomes low and 
constant and micelles are formed. If the micelles had adsorbed on magnetite, a further 
increase in porosity would have been expected. It could be that the micelles behave as a 
lubricant, increasing the green pellet plasticity and decreasing the green pellet wet strength. 
Wet-CS is also largely dependent on the viscosity developed in the bentonite suspension and 
its rheological behaviour in the presence of large amounts of surface-active agents is not 
known.

An Atrac addition of 10 g/t caused a 2% increase in green pellet porosity. Earlier data with 
similar raw materials [2] showed that magnetite pellet concentrates with varying particle size 
distributions demand different moisture contents in balling to ensure an acceptable level of 
plasticity in green pellets. In the materials studied, a 2% difference in porosity due to the 
difference in the moisture content was measured. In spite of this difference in porosity, the 
green pellets were equally strong in wet-CS. Therefore, the primary problem with Atrac 
adsorption on magnetite is not the increase in porosity, as such, but the fact that the increase 
in porosity takes place via air bubbles, which weaken the overall mechanical structure of the 
green pellets. The air bubbles probably weaken the mechanical structure of sintered pellets, as 
well.

In earlier textbooks [11-13], the calculation of the filling degree is used to denote the 
difference between the funicular, capillary and droplet states. In industrial balling of iron ore 
green pellets, the balling conditions are such that there is always a slight surplus of water. 
When the moisture content (within the area of reasonable ballability) increases, the particles 
in green pellets are further “diluted” with water, the pores become larger and the porosity 
increases, but the filling degree remains constant [2]. Therefore, under normal balling 
conditions, the filling degree does not describe the green pellet properties. Depending on the 
moisture content, large variations in green pellet plasticity and ballability take place. When 
the green pellets contain air bubbles, the filling degree drops substantially, but the green 
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pellets are still in the capillary state because the air does not fill the capillaries but the air 
bubbles behave like large particles. If balling were done at such low moisture content, that 
partial binding with liquid bridges would take place, the green pellets would be in true 
funicular state and very weak. In full-scale balling this is not likely to happen, because it 
would result in an increase in the recycling loads in the balling circuits and would be 
compensated by adding more water. It should also be noted that although the filling degree in 
iron ore green pellets containing air bubbles is low, there still is a partial surplus of water on 
the outer surface of the green pellets. The state of liquid saturation is between the capillary 
and droplet states, as described earlier [2]. The local surplus of water can be seen as a wet 
“shine” on the green pellets and is considered a prerequisite for the green pellets to grow.

Air bubbles in green pellets also pose a dilemma for the agglomeration theory to describe the 
development of the capillary forces around the air bubbles. Normally, when the pores in green 
pellets are completely filled with water, capillary forces only develop at the green pellet outer 
surface. In the case of air bubbles enclosed in the green pellet structure, capillary forces 
probably also develop in the capillary openings facing towards the air bubbles, inside the 
green pellets. 

The discussion above shows that the calculation of filling degree is essential for the 
evaluation of iron ore green pellet properties, although for a different reason than shown in 
earlier textbooks. The calculation of the filling degree is very sensitive to changes in porosity. 
Obviously, high accuracy, or at least high repeatability, in the porosity measurement is 
essential. The development work done at LKAB using the GeoPyc instrument [14] has 
resulted in stable and repeatable porosity values. 

Balling with water/ethanol mixtures also decreased the wet-CS values in green pellets, but 
ethanol had no influence on porosity. The decrease in wet-CS followed approximately the 
Rumpf equation (Eq. 1) and could, therefore, be explained by a decrease in the capillary force. 
However, the same applies for ethanol as for the surface-active agent: the rheological 
behaviour of bentonite suspensions in the presence of ethanol should be solved before definite 
conclusions can be drawn. When small amounts of ethanol were added together with the 
Atrac reagent, the amount of air bubbles enclosed in the green pellet structure increased even 
further. Ethanol probably behaved like a frother. This suggests that if alcohols are used as 
model substances in agglomeration experiments to create low surface tension in the water 
phase, the pellet feed should be free of surface-active agents and the porosity in green pellets 
should be carefully analyzed. Small amounts of lubricating oils, humic acids and other 
substances of surface-active nature often occur in plant water. 

The behaviour of green pellets with enclosed air bubbles should also be considered under 
process conditions in the pelletizing machine. In the drying zones, the green pellets are dried 
by drawing hot air (150 to 450oC) through the green pellet bed. During drying, an equilibrium 
temperature of around 50oC in the green pellet bed is established. The increase in temperature 
makes the air bubbles expand. This, in combination with the lower dry-CS values, explains 
the increased generation of fines, crumb and dust at times observed when pelletizing flotated 
pellet feeds.  

Atrac is highly selective for apatite. With Atrac adsorption by 10 g per tonne magnetite 
concentrate, the adsorption on apatite would be around 500 g per tonne apatite mineral (Atrac 
dosage of 50 g/t in flotation and 1% P in the flotation feed). A certain over-dosage of Atrac is 
needed to assure high enough P-reduction. Increased Atrac over-dosage can be expected to 
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lead to increased specific adsorption on the magnetite surfaces. Therefore, to minimize the 
draw-backs of Atrac carried over to the pelletizing plant, proper control over the flotation 
process is essential. This also covers a strict control to hinder the apatite froth from being 
carried over to the pellet feed.

In the flotation process the contact area between particles and air bubbles is maximized in 
order to float the apatite mineral. Thus, the conditions are favourable for air bubbles to adsorb 
on magnetite particles, as well, even if the amount of air bubbles would not be high enough to 
float the magnetite. In the micro-balling experiments, the air bubbles were generated either 
during mixing or during spraying of the Atrac solution into the mixing vessel. Therefore, the 
number of attached air bubbles and their size distribution could differ in the laboratory balling 
experiments compared to production plant conditions. In spite of this difference, samples 
collected from the pelletizing plant have shown quite similar changes in porosity, as was seen 
in the micro-balled green pellets.  

5. Conclusions 

1. When applied to practical process control, the main conclusion from this work is that the 
best way to detect that Atrac is carried over to the pelletizing plant and causes problems in 
balling is to measure the filling degree. The corrective process control measure would be to 
revise the status of the flotation process. Also, a slight decrease in the moisture content might 
reduce the drawbacks of  highly plastic green pellets.

2. Calculating the filling degree is essential for the evaluation of green pellet properties, 
although for a different reason than shown in earlier textbooks. Under normal balling 
conditions for iron ore green pellets, the filling degree is above 100% and does not give any 
information about agglomerate behaviour. This is because balling is a self-regulating system 
and an increase in the moisture content is compensated by an increase in porosity, which 
results in a constant filling degree. In the presence of air bubbles, however, the filling degree 
drops well below 100%. This low filling degree is not a sign of the agglomerate being in the 
funicular state, because the air in green pellets is embedded as air bubbles, which behave like 
large, plastic particles. 

3. The decrease in iron ore green pellet wet strength in the presence of surface-active agents is 
not fully described by using surface tension and contact angle as variables in mathematical 
expressions. The main problem is not the contact angle between the particle surfaces and the 
water phase, but arises from the strong attachment between air bubbles and the hydrophobic 
particle surfaces.
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Abstract

Olivine is used as an additive in Luossavaara–Kiirunavaara AB (LKAB) blast furnace pellets. The

LKAB iron ore is magnetite which oxidizes to hematite during the sintering process. Olivine retards the

oxidation of magnetite pellets if the threshold temperature of magnesioferrite formation is exceeded.

In this study, we have developed a thermogravimetric measuring method to study the relationship

between the olivine reactivity in green pellets and the olivine fineness. A less reactive olivinemakes the

pelletizing process more tolerant of excessively high temperatures in the green pellets during oxidation.

The reactivity of olivine decreases when the amount of fine tail in olivine is decreased. The top

size is limited by balling. Grinding tests in pilot scale show that if the olivine additive is ground in

closed circuit with a ball mill keeping good control over the top size, the olivine fineness can be

appreciably decreased without disturbing balling. The olivine reactivity can be decreased by 40%

compared to the reference olivine in the production plant. Also, savings can be made on both the

grinding energy and grinding media consumption. The results in both pilot scale and full production

scale show that better oxidation in the grate due to a coarser olivine additive improves the low

temperature reduction strength (LTD, ISO 13930) in pellets.

The measuring method developed for the olivine reactivity enabled evaluation of different

particle-sizing methods for olivine characterisation. The screening size fraction %� 45 Am showed a

good correlation to olivine reactivity in green pellets within a very large measuring range. The

correlation of laser diffraction analysis to the olivine reactivity showed, however, that the laser

diffraction measuring method is affected too much by variations in the large particles.
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1. Introduction

Luossavaara–Kiirunavaara AB (LKAB) in Sweden produces around 15 million tonnes

of pellets yearly, of which about 60% is blast furnace pellets containing olivine as an

additive. The olivine addition yields a high melting point and narrow meltdown temperature

range in the pellets (Eriksson et al., 1984). While the influence of the olivine addition on

pellet behaviour in blast furnace is fairly well known, the influence of olivine on the pellet

manufacturing process has been somewhat overlooked. It is well known that olivine

particles start reacting already during the pelletizing process (Button, 1989; Niiniskorpi,

2001). The olivine forms a solid solution with the hematite phase and magnesioferrite is

formed. Ferreira et al. (1994) showed that the solid solution formation activates the

dissociation of hematite back to magnetite several hundred degrees earlier than in a clean

hematite phase. In our earlier work (Forsmo et al., unpublished), we have shown that olivine

particles in contact with hematite particles activate hematite dissociation at around 1200 jC
(10%O2 in N2). This temperature is appreciably lower than the dissociation temperature of a

clean hematite phase, 1457 jC (in air) and is in the range of process temperatures in a

pelletizing process. The LKAB iron ore is magnetite, which oxidizes to hematite during the

sintering process. Therefore, olivine retards the oxidation of magnetite if the temperature

limit for the solid solution formation is exceeded. An increasing part of the oxidation is

shifted to the cooler causing problems for both the pelletizing process and the pellet quality.

A schematic flow sheet of the LKAB pelletizing plant in Svappavaara is shown in Fig.

1. The finely ground magnetite iron ore concentrate is mixed with 3.5 wt.% olivine

additive and filtered to around 9% humidity. The humid pellet feed is mixed with the

Fig. 1. A schematic flow sheet on LKAB Svappavaara pelletizing plant.
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bentonite binder and balled to green pellets of an average size of around 12 mm. The

green pellets are heat-treated in the grate-kiln pelletizing process. First, the green pellets

are oxidised in a static bed in the grate, at gas temperatures around 1000 to 1120 jC.
Then, the pellets are loaded to the kiln where final sintering takes place at about 1250 jC.
The pellets are cooled in the rotary cooler. To avoid rest oxidation in the cooler, the pellet

oxidation degree after the grate should be as high as possible. This is favourable for other

reasons as well.

In an industrial pelletizing process, the pellet temperature is raised very rapidly, and

conditions in the system are far from thermodynamically balanced. In order to achieve a

high degree of oxidation in pellets during heat treatment in the grate, the oxidation needs to

advance as far as possible before the magnesioferrite formation starts. The magnesioferrite

formation rate is not only influenced by the pellet temperature, but also by the available

surface area of the olivine particles. This, in turn, depends on the amount of olivine in the

pellets and on the fineness of the olivine particles. The total amount of olivine is adjusted to

gain desired pellet properties in the blast furnace and is therefore fixed. The olivine fineness

can, however, be optimised so as to reach the lowest possible reactivity during the

pelletizing process. In our earlier pilot-scale studies (Samskog et al., 2002), we have

shown that the use of coarser olivine greatly improves the pellet mechanical properties

during low temperature reduction (LTD, ISO 13930), see Fig. 2. This is thought to be due to

better oxidation in the grate.

The aim of the present study was to determine how much the olivine reactivity can be

retarded by decreasing the amount of small particles in olivine. The limiting factor for

olivine fineness is that the coarser olivine should not weaken the green pellets. Therefore,

the absolute top size was restricted to 200 Am. Also, the amount of + 100 Am particles

Fig. 2. Low temperature reduction strength (LTD) in magnetite pellets indurated in pot-furnace according to

Samskog et al. (2002). The pellets contained 0.5% bentonite binder and 3.5% olivine with three different finesses.

The induration program was not optimised for the magnetite feed material.
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should not increase significantly after the olivine is mixed with the magnetite concentrate.

Alternative grinding circuit layouts to produce olivine with narrow particle size distribu-

tion were studied in pilot scale. A thermogravimetric measuring method was developed to

determine the reactivity of olivine in the green pellets. The olivine products were then

characterised according to particle size and reactivity.

We also studied how different particle-sizing methods correlate with the olivine reactivity

in the green pellet. This information is necessary for achieving good control over the olivine

grinding circuit in the production scale. Finally, the olivine fineness at LKAB’s Svappavaara

plant was decreased to study the resulting effect in full production scale.

2. Experimental

2.1. Materials

Olivine is a generic term for a group of minerals consisting of solid solutions of

forsterite (2MgO�SiO2) and fayalite (2FeO�SiO2). This study was done with olivine from

Åheim in Norway. The Åheim olivine is of the forsterite type, with a relatively high

magnesium content, typically 48% MgO, 42% SiO2 and 5% Fe. The olivine raw material

was crushed to a fineness of 95%� 12 mm (20%� 180 Am, 50%� 1 mm) before the

pilot-scale grinding tests.

As a reference, olivine samples taken from the LKAB Svappavaara production plant

were used. These olivine samples also contained minor amounts of limestone.

The magnetite concentrate used in this study is from LKAB’s Svappavaara concen-

trating plant and typically contains 71.0% Fe. The particle size of Svappavaara magnetite

pellet concentrate (SPC) is typically 76%� 45 Am and 98%� 125 Am (by screening).

2.2. Pilot plant grinding tests

Several different grinding circuit layouts were run at the LKAB pilot plant. The test runs

were divided into two main groups according to the type of grinding mill used: rod mill

grinding (RM) and ball mill grinding (BG). Within each main group, several test runs with

different layouts and somewhat different settings were run. These runs are numbered

consecutively (RM1, RM2, etc.). Two of the ball mill ground products were further

deslimed (DS). Also, the slime products (SLIME) were characterised for their fineness.

2.2.1. Rod mill grinding tests

Narrow particle-size distribution for olivine was one of the targets of this study;

therefore, rod mill grinding was studied as one alternative. The question was whether the

rod mill grinding done in one stage could meet the given restrictions for the top size.

The rod mill was run both in open circuit followed by scalping (RM1) and in closed

circuit with screen (RM2 and RM3). One test (RM4) was run with the rod mill in closed

circuit with a Floatex density separator.

The rod mill used was of trunnion overflow type, diameter 1.0 m and length 1.5 m. A

trommel screen with 3-mm screen opening was used at the mill discharge. The rod mill
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was charged with graded standard rods � 55 mm to 10 kW. The maximal energy output

was 8 kW h/t. The solids content was 65 wt.%.

2.2.2. Ball mill grinding tests

The ball mill was run in closed circuit, either with a screw classifier (BM1) or with a

Floatex density separator (BM2 and BM3). Small pilot-scale cyclones (diameters 50 and

75 mm) were also tested, but they did not manage to maintain the coarse separation cut

size required. Some more complicated layouts with a screw classifier combined with a

density separator were run as well (BM4 to BM8). Two of the ball mill ground products

were further deslimed using cyclones in order to obtain samples of extremely narrow

particle size distribution (DS1 and DS2).

The ball mill used was of the grate discharge type. The mill diameter and length were

1.5 and 1.7 m, respectively. A trommel screen with 3-mm screen opening was used at the

mill discharge. The ball mill was charged with 10–40-mm steel balls to 26 kW. The raw

material feed rate varied between 1.1 and 1.7 t/h. The solids content was 65 wt.%.

2.3. Measuring methods

2.3.1. Measuring method for olivine reactivity in the green pellet

The magnetite oxidation to hematite is described by Eq. (1).

4FeO � Fe2O3 þ O2 ¼ 6Fe2O3 ð1Þ
The oxidation of magnetite to hematite can be measured with good accuracy by

thermogravimetric analysis (TGA) because the total weight gain is as large as 3.455 wt.%

for clean magnetite. A typical thermogram for Svappavaara magnetite pellet concentrate

(SPC) is shown in Fig. 3. Between 200 and 350 jC, a topochemical low-temperature

Fig. 3. A typical thermogram of Svappavaara magnetite pellet concentrate (SPC). The measuring conditions are

given in the text.
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oxidation takes place. At around 400 jC, the second stage of oxidation starts leading to

completely oxidised grains at around 900 to 1100 jC, depending on the magnetite particle

size. The oxidation mechanisms in magnetite particles are described in detail in earlier

literature and have been reviewed by Monsen (1992).

Oxidation of magnetite to hematite is a reversible reaction. If the hematite phase is

clean, the hematite starts to dissociate back to magnetite at 1457 jC (in air). If the pellet

contains components that form a solid solution with the hematite phase, the dissociation

starts several hundred degrees earlier. The difference in the dissociation temperature for

SPC with and without olivine can be seen in Fig. 4. Due to the olivine addition, the

dissociation already starts at around 1200 jC and advances with a well measurable reaction

rate at 1250 jC. This difference in the dissociation rate was used to get a relative figure for
olivine reactivity.

Samples were prepared by mixing the studied olivine sample with about 15 g

Svappavaara magnetite concentrate (SPC). A mixing ration of 3.5 wt.% of olivine

was used in the mixture. Ethanol was used as a disperging agent. These SPC/olivine

mixtures were measured in the TGA. The dissociation rates at 1250 and 1300 jC were

read from the derivative curve (DTG). The dissociation rate is a negative figure because

it describes the reaction rate to the left. Absolute values were used in the evaluation of

results.

A Setaram 92-16 TG/DTA instrument was used. The thermograms were run by using

small, open platinum crucibles with a volume of 130 Al. The sample weight was 115F 5

mg and the heating rate was 5 jC/min. The gas atmosphere was 10% O2 in N2. Two

parallel samples were prepared and analyzed and the mean values were used for the results

evaluation. The mean difference between two parallel samples was 0.7�0.001%/min at

1250 jC which was considered highly satisfactory.

.

Fig. 4. Typical dissociation curves (DTG) for SPC without olivine and for SPC mixed with 3.5% olivine with

72%� 45 Am by screening.
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2.3.2. Particle size measuring methods

Three different particle-sizing methods were used: screening, laser diffraction and KTH

surface. For screening, Endecott screens were used. The � 45 Am fraction was wet-

screened.

The laser diffraction analysis was done using Malvern Mastersizer S. The measuring

principle of the laser diffraction measuring method is explained in the international

standard, ISO 13320 (1999). Laser diffraction measures a volume distribution of round

spheres. The largest cross-sectional measure of the particles defines the diameter of the

spheres. Dry measurement with 100-g samples was used. The measurement range was 0.5

to 879 Am. The D10, D50 and D90 values were used for the evaluation. D10 means that 10

vol.% of all particles are below the given particle size in micrometers.

The third analysis method used for particle sizing is KTH surface. In the KTH-surface

method, the particle surface area is calculated from gas permeability through a packed bed

of particles (Svensson, 1949). The measuring range starts from around 3000 cm2/cm3.

3. Results and discussion

3.1. Evaluation of different grinding circuit layouts for olivine

The particle sizing and reactivity data are summarised in Table 1. Screen analysis

results of some typical samples are shown in Fig. 5.

The curve RM2 in Fig. 5 shows that rod mill grinding resulted, as expected, in low

amounts of fine tail (21–26%� 45 Am by screening), but the requirement of limited

increase in + 100 Am particles in the pellet feed after the olivine addition could not be

fulfilled. Almost one-half of the olivine particles after rod mill grinding were larger than

100 Am.

Similar problems with top size were encountered when running a screw classifier in

closed circuit with a ball mill (see curve marked BM1 in Fig. 5). On the other hand, ball

mill grinding in closed circuit with a Floatex density separator, resulted in good top-size

control and a fine tail of 40–42%� 45 Am by screening, as shown by the curve marked

BM2 in Fig. 5. The more complicated ball mill layouts using a screw classifier in

combination with a density separator (samples BM4 to BM8 in Table 1), created just as

much fines as the simpler layout (BM2).

Olivine with 65%� 45 Am (by screening) from the Svappavaara production plant is

shown as a reference in Fig. 5. In Svappavaara, the olivine control value was decreased

from 72% to 65%� 45 Am (SVP1 and SVP2 in Table 1). No problems with green pellet

strength were experienced. The coarser olivine resulted in a more robust pelletizing

process, less liable to disturbances in the magnetite oxidation. As an indication of better

and more consistent oxidation in the grate, the pellet low temperature reduction strength

(LTD, ISO 13930) measured on samples taken at the pelletizing plant showed an increase

from 92F 2(1r)% + 6.3 mm to 95F 1(1r)% + 6.3 mm due to the use of coarser olivine.

The pilot-scale grinding tests show that by closed-circuit grinding in a ball mill while

maintaining good control over the top size, the olivine control value could probably be

drawn down near to 40%� 45 Am without problems in balling.
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3.2. The choice of sizing method for the characterisation of the olivine fineness

The correlation between the dissociation rate at 1250 jC and the screen analysis %� 45

Am is shown in Fig. 6. Some earlier data from laboratory grinding tests on olivine (Forsmo

et al., in press) are also shown in this figure. The correlation was excellent although the

measuring range of the amount of fine tail %� 45 Am was very large, 20% in the rod mill

Fig. 5. Screen analysis curves on some typical samples from the pilot-scale studies. The Svappavaara olivine is

shown as a reference.

.

Fig. 6. The dissociation rate at 1250 jC as a function of olivine fineness expressed as the screening size fraction

%� 45 Am. The earlier data is from Forsmo et al. (2001).
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ground samples and 98% in the slime samples. The slopes in the screen analysis curves

also varied considerably.

The dissociation rate at 1250 and 1300 jC as a function of the next larger screening size

fraction, %� 63 Am, is shown in Fig. 7. For the coarsest olivine samples, the dissociation

rate at 1250 jC was constant and then increased linearly when the olivine became finer. At

1300 jC, the dissociation rate showed a linear increase over the whole measuring range

although the correlation was not as good as for the %� 45 Am screening size fraction. This

can be explained by the fact that, initially at 1250 jC, the fine tail mainly controls the olivine

reactivity. As the temperature rises, the larger particles also start to show measurable

reactivity.

The correlation between the dissociation rate at 1250 jC and the Malvern D10 values

was not linear as shown in Fig. 8. The dissociation rate became constant as the D10 value

exceeded about 15 Am. The correlation between Malvern D50 and the dissociation rate at

1250 jC was similar. At 1300 jC, the dissociation rate started to show linear correlation

with Malvern D50. The Malvern D90 values did not show any correlation to the

dissociation rate at all. The results are explained by the fact that Malvern is sensitive to

changes in the large particles because it measures a volume distribution, while the initial

dissociation rate at 1250 jC mainly depends on the amount of small particles.

The correlation between the dissociation rate at 1250 jC and the KTH-surface values

are shown in Fig. 9. The deslimed olivine samples were too coarse and fell outside the

measuring range of the method. At first, the dissociation rate increased linearly with

increasing surface area. As the surface area exceeded about 10,000 cm2/cm3, the increase

in olivine reactivity started to decline. This can be explained by the fact that the very

small particles have a large specific surface area, but they contain a small mass and react

out fast.

.

Fig. 7. The dissociation rate at 1250 and 1300 jC as a function of olivine fineness expressed as the screening size

fraction %� 63 Am.
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3.3. The relative reactivity of olivine with different finenesses

The reactivity (the measured dissociation rate) of Svappavaara olivine with 65%� 45

Am was used as a reference and given a relative reactivity 1.0. The reactivity of the other

olivine samples was related to this value. Typical relative reactivity values for the coarser

olivine from Svappavaara, the olivine ground with a ball mill and with a rod mill in pilot

scale and for the deslimed olivine product, are shown in Fig. 10.

.

Fig. 8. The dissociation rate at 1250 jC as a function of olivine fineness expressed as Malvern D10.

.

Fig. 9. The dissociation rate at 1250 jC as a function of olivine fineness expressed as KTH surface. The earlier

data is from Forsmo et al. (2001).
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The results in Fig. 10 show that the abovementioned decrease in the olivine fineness

at the Svappavaara production plant resulted in an approximate 20% decrease in the

olivine reactivity. The results also show that a simple process layout with a ball mill in

closed-circuit grinding could additionally decrease the olivine reactivity by almost 40%

compared to the reference value. This would result in savings in the olivine grinding as

well.

The desliming resulted in low-reactivity olivine, but desliming is not of current interest.

Also, the reactivity in the rod mill ground olivine was very low, but the large amount of

big particles in these products would probably cause balling problems.

3.4. Discussion on the starting temperature for hematite dissociation

The thermogravimetric measurements show that the dissociation of hematite in the

presence of olivine starts at around 1200 jC due to the magnesioferrite formation.

Measurable differences in the dissociation rate can be seen at 1250 jC, which was also

chosen as a reference temperature in this study. The 1250 jC temperature reading on the

thermograms describes the real temperature inside the pellet during oxidation and is not

necessarily the same as the gas temperature measured over the pellet bed (1000–1120 jC).
On the contrary, due to the highly exothermal nature of the magnetite oxidation reaction

(DH298 jK =� 117.4 kJ/mol), the real pellet temperature is probably considerably higher

than the gas temperature.

This is supported by optical microscope studies on plant pellets reported by Niiniskorpi

(2001) showing that under process conditions, the threshold temperature for solid solution

Fig. 10. The relative reactivity of olivine samples. SVP2 with 65%� 45 Am is used as a reference. RM=Rod mill

grinding in closed circuit, DS = deslimed, BM=Ball mill grinding in closed circuit, SVP1 = olivine from

Svappavaara production plant with 72%� 45 Am.
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formation is indeed exceeded and magnesioferrite is formed during oxidation in the grate.

Niiniskorpi also found that the alteration of olivine to magnesioferrite was stronger at the

oxidation front compared to the outer shell of the pellet. This observation implies that

besides temperature rise, there is also a temperature gradient in the pellet during oxidation. In

plant pellets, the variations in oxidation conditions in different parts of the bed are, however,

highly variable. In earlier literature, the temperature increase in a magnetite green pellet

during oxidation has been established by several authors including Cooke and Stowasser

(1952), Natesan and Philbrook (1969) and Ruiz et al. (1994), but the magnitude of the

temperature rise has still not been adequately studied. The results of this study point out the

importance of being able to predict and control the real temperature inside the magnetite

pellets during oxidation.

4. Conclusion

In this study, we have indirectly measured the reactivity of olivine to form a solid

solution with the hematite phase in a green pellet by measuring the rate of contemporary

formation of magnetite, i.e., the dissociation rate of hematite. The olivine reactivity values

given here describe how fast the olivine reacts when the threshold temperature for solid

solution formation is exceeded for one reason or another. A less reactive olivine makes the

pelletizing process more tolerant of excessively high temperatures in the green pellets

during oxidation. This is indicated by higher reduction strength values as shown by our

earlier pot furnace studies. In this study, we could also verify the positive influence of

coarser olivine on the pellet reduction strength in full production scale. Decreasing the

olivine control value from 72% to 65%� 45 Am by screening raised the pellet low

temperature reduction strength (ISO 13930) measured in samples taken at the pelletizing

plant from 92F 2(1r)% + 6.3 mm to 95F 1(1r)% + 6.3 mm.

The pilot-scale grinding tests shows that if the olivine additive is ground in closed

circuit with a ball mill while maintaining good control over the top size, an appreciably

coarser olivine product could be used without disturbing balling. The coarser ground

would further decrease the olivine reactivity during oxidation on the grate. The closed-

circuit grinding would slightly complicate the process layout; on the other hand, savings

can be made on both the grinding energy and grinding media consumption.

The developed thermogravimetric measuring method for olivine reactivity made it

possible to evaluate different particle-sizing methods for olivine characterisation. The

screening size fraction %� 45 Am showed a good correlation to olivine reactivity within a

very large measuring range. The use of a laser diffraction measuring method, such as

Malvern, would have been preferred because it would enable fast and easy analysis. The

correlation of Malvern values to the olivine reactivity showed, however, that Malvern is

affected too much by variations in the large particles. The Malvern measurement could

probably be refined if the larger particles were screened off before Malvern measurement.

This will be studied further.

The thermogravimetric measuring method presented in this study can also be used to

evaluate the reactivity of other olivine deposits in comparison to the Åheim olivine. It can

also be used to evaluate the reactivity of other minerals, especially magnesium-bearing
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minerals, like dolomite. The results obtained in this study are valuable for both process

design and control.
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Technology, Sweden, is gratefully acknowledged.

References

Button, R.A., 1989. Olivine assimilation in magnetite based pellets. LKAB Internal Report (unpublished).

Cooke, S.R.B., Stowasser, W.F., 1952. The effect of heat treatment and certain additives on the strength of

magnetite pellets. Trans. AIME 193, 1223–1230.

Eriksson, B.-O., Wikström, J.-O., Ahnqvist, A., 1984. Blast furnace operation with 100% pelletburden in SSAB’s
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S.P.E. Forsmo, A. Hägglund / Int. J. Miner. Process. 70 (2003) 109–122122



ARTICLE VII 

Mechanisms in oxidation and sintering of magnetite
iron ore green pellets 

S.P.E. Forsmo, S-E. Forsmo, P-O. Samskog, B.M.T. Björkman 

Submitted to Powder Technology  (March 2007). 

VII





Mechanisms in oxidation and sintering of magnetite iron ore green 
pellets

S.P.E. Forsmoa,b,*, S-E. Forsmoa, P-O. Samskoga,c, B.M.T. Björkmanb

aLKAB, R&D, SE-98381 Malmberget, Sweden.  
b Luleå University of Technology, Division of Process Metallurgy, SE-97187 Luleå, Sweden 

cLuleå University of Technology, Division of Chemistry, SE-97187 Luleå, Sweden 
*Corresponding author. E-mail: seija.forsmo@LKAB.com Fax: +46-970-30617 

Abstract

Thermal volume changes and oxidation mechanisms in magnetite iron ore green pellets balled 
with 0.5% bentonite binder, as a function of raw material fineness and pellet porosity, are 
shown. When a pellet starts to oxidize, a shell of hematite is formed around the pellet while 
the core still is magnetite. Dilatation curves were measured under non-oxidizing and 
oxidizing atmospheres to separately describe thermal volume changes in these two phases. 
Dilatation measurements showed contraction during oxidation between 330 and 900°C by 
0.5%. The extent of contraction was not influenced by the raw material fineness or the 
original porosity in pellets. Sintering started earlier in the magnetite phase (950°C) compared 
to the hematite phase (1100°C). The sintering rate increased with increasing fineness in the 
magnetite concentrate. A finer grind in the raw material would, therefore, promote the 
formation of duplex structures with a more heavily sintered core pulling away from the less 
sintered outer shell. 

At constant porosity in green pellets, the oxidation time became longer as the magnetite 
concentrate became finer, because of the enhanced sintering. In practical balling, however, the 
increase in fineness would necessitate the use of more water in balling, which results in an 
increase in green pellet porosity. These two opposite effects levelled out and the oxidation 
time became constant when green pellets were balled at constant plasticity. Combining the 
results from the oxidation and dilatation studies revealed new information on the rate limiting 
factors in oxidation of iron ore pellets. At 1100oC, the diffusion rate of oxygen was limited by 
sintering in the magnetite core, taking place before oxidation rather than by the diffusion rate 
of oxygen through the oxidized hematite shell, as has been claimed in earlier literature. The 
oxidation rate was at maximum at around 1100oC. At 1200oC, the rate of oxidation 
substantially decreased because both the hematite shell and the magnetite core show heavy 
sintering at this temperature. 

Dilatometer measurements showed large thermal volume changes in the presence of olivine, 
at temperatures above 1200oC. This is explained by the dissociation of hematite back to 
magnetite. Dissociation leads to an increase in the volume of the oxidized shell, while 
sintering of the magnetite core is further enhanced by the olivine additive.  

Keywords: Magnetite; Agglomeration; Oxidation; Dilatation; Green pellets; Iron ore; 
Pelletizing 
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1. Introduction 

Magnetite iron ore pellets are produced by agglomerating moist, finely ground magnetite 
concentrate together with a binder in balling drums or balling discs to pellets, typically 
between 9 and 15 mm in diameter. In the Grate Kiln pelletizing process, the wet green pellets 
are loaded on a travelling grate with a bed height of 23 cm. This bed of wet green pellets is 
transported through the drying zones, updraft drying (UDD) and downdraft drying (DDD). 
After the drying zones, the upper part of the pellet bed is dry and warm, around 250oC, while 
the bottom of the bed is still humid. After drying, the bed of green pellets is transported 
through the temperate preheat zone (TPH) and the preheat zone (PH), where the main part of 
magnetite oxidation takes place. The temperature of the incoming gas at the PH zone is 
around 1150 – 1250oC. The gas flow rate is in the order of 6 m/s and the oxygen content of 
the gas is 16 to 18%. The travelling time through the TPH and PH zones is 6 to 7 minutes. 
During this time, the upper part of the pellet bed is heated up to the gas temperature, while  
the bottom of the pellet bed barely reaches 1000oC. From the PH zone the pellets are 
transferred to a rotating kiln and sintered at around 1270oC. Little or no oxidation takes place 
in the kiln, due to the high temperature. Even some dissociation of hematite back to magnetite 
can occur. Final oxidation takes place when pellets are cooled in an annular cooler to below 
50oC. Thereafter, pellets are ready for transportation to steelmaking plants.  

The oxidation of magnetite iron ore pellets is an important issue for several reasons. The 
oxidation reaction, shown in Eq. (1), is highly exothermic and releases a major part of the 
total energy required in sintering. Oxidation of magnetite leads to strong bondings in contact 
points [1], which reduces the generation of dust when pellets are loaded into the kiln. A 
constant level of oxidation in magnetite pellets is also of importance for process stability. 
Variations in the degree of oxidation in pellets leaving the PH zone leads to fluctuations in the 
amount of oxidation that takes place in the cooler and in the temperature of the recuperated 
air.

4 FeO Fe2O3  + O2 = 6 Fe2O3 H  = -119 kJ/mol (1)

The oxidation and thermal history of pellets also influence the final pellet quality. The so-
called duplex structure, with a more heavily sintered core pulling away from the less sintered 
outer shell, was described in literature as early as the 1950s [1-3]. The duplex structure forms, 
because in the pelletizing process, only the outer shell of pellets is oxidized before the 
sintering temperature is reached. A distinct concentric oxidation front between the oxidized 
outer shell and the non-oxidized core is found in pellets oxidized at temperatures above 
1000oC [2,3]. The magnetite core shrinks more than the oxidized hematite shell [1-3] and 
gives rise to the duplex structure. Structural stress and in extreme cases, concentric cracks, 
form along the structural boundary. An extreme solution would be complete oxidation of 
pellets before sintering is started, as suggested by Cooke and Stowasser [3], who called this 
process double-firing. According to Haas et al. [5], enriching the oxidizing gas in the PH zone 
to around 30% oxygen and controlling the speed of temperature rise in the PH zone to below 
150oC/min, would lead to improved pellet quality. 

Several comprehensive studies on the oxidation mechanisms in magnetite iron ore pellets 
have been published since the early 1950s [1-11]. The influence of partial pressure of oxygen 
[6,7], pellet porosity [7], pellet size [1,4,6], magnetite concentrate fineness [7] and calcining 
[11] on the oxidation of pellets has been described. Oxidation of the outer shell of pellets is 
fast and controlled by the rate of the chemical reaction [7,8]. After the fast superficial 
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oxidation, the oxidation rate is claimed to be controlled by the diffusion rate of oxygen 
through the growing product layer [7,8]. Zetterström [6] showed that the reciprocal of the 
time needed to reach a given degree of oxidation in pellets was linearly dependent on the 
partial pressure of oxygen, which is the driving force for diffusion. According to Zetterström 
[6], the time needed for 80% oxidation of pellets at 900oC was 8 minutes with 21% O2 in the 
oxidizing gas (Scrub Oak magnetite, particle size 78%-44 μm, pellet size 9 to 19 mm). The 
initial oxidation rate in pellets measured at 1000oC has been shown to increase linearly with 
the partial pressure of oxygen [7]. The influence of pellet porosity was studied by 
Papanastassiou and Bitsianes [7] using pellets prepared by compaction instead of rolling. The 
studied range in porosity was very large, between 22 and 42%. This large variation was 
accomplished partly by using different compression forces in the mould and partly by pre-
heating the samples at 1250oC in nitrogen for 30 minutes before oxidation to cause additional 
shrinkage. The measured time needed for 80% oxidation was about 3 minutes at 1100oC, in 
air (particle size 100% -31 μm, pellet diameter 12 mm).  The time needed to obtain a given 
degree of oxidation in pellets has been found to be proportional to the square of the diameter 
of the pellet [1,4]. 

Very limited data regarding the influence of magnetite concentrate fineness on the oxidation 
rate in pellets was found in earlier literature. Zetterström [6] showed oxidation curves for 
pellets prepared from two different magnetite concentrates, artificially prepared to similar raw 
material fineness. Only oxidation at a very low temperature, at 700oC, was measured. The 
conclusion was that particle size accounts for only  part of the measured difference in 
oxidation rate. Although the oxidation and sintering phenomena show complex 
interdependency during the formation of the duplex structure, only a few dilatometer studies 
on magnetite iron ore pellets have been published [1,4,6]. Contraction in pellets during 
oxidation [4,6] and incipient sintering at 900oC has been reported [1,4]. Ilmoni and Uggla [1] 
showed that at 1230oC, shrinkage in the magnetite phase was about 1.4 times larger than in 
the hematite phase. They also showed that shrinkage in pellets increased with increasing 
specific surface area in the magnetite raw material. Linear thermal expansion during heating 
from 20 to 400°C has been measured to be 0.4% for both magnetite and hematite [12]. Linear 
thermal expansion in magnetite during heating from 20 to 1000°C has been measured to be 
1.4% [12]. For hematite, values for thermal expansion at temperatures above 400°C were not 
found.

The influence of variations in the magnetite concentrate fineness on the behaviour of green 
pellets during balling and induration is an important issue for the practical control of a full-
scale pelletizing plant. Slight variations in these parameters can hardly be avoided. An earlier 
study showed that if the raw material fineness increases, the green pellet moisture content 
(and porosity) needs to be increased as well, to retain plasticity and good ballability in the 
balling circuits [13,14]. In the present work, oxidation and sintering mechanisms in iron ore 
green pellets under non-sintering and sintering conditions were studied. The intent was to get 
more information about the sensitivity of the formation of duplex structures for variations in 
raw material fineness and in green pellet porosity. 
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2. Materials and methods 

2.1 Magnetite concentrate raw materials and green pellet properties 

Five magnetite pellet concentrate samples were collected from the LKAB (Luossavaara-
Kiirunavaara AB, Sweden) Malmberget concentrating plant by varying the feed rate into the 
grinding mill. Complete particle size data was published earlier [13]. Some key figures on 
screening analysis and the specific surface areas are shown in Table 1. The Malmberget pellet 
concentrate (MPC) samples are arranged in order of increasing fineness. Sample MPC-2 
represents typical process fineness. The samples contained 71.1% Fe (23.7% Fe2+) and 0.4% 
SiO2. The density was 5.12 g/cm3.

Table 1. Fineness in the magnetite concentrate raw materials, moisture content and porosity 
in green pellets. 

Sample Specific Screening Green pellets at Green pellets at
name surface area constant porosity constant plasticity

-45 μm -63 μm -90 μm Moisture Porosity Moisture Porosity
cm2/cm3 % % % % % % %

MPC-1 9491 66.1 77.5 88.5 8.6 32.4 8.0 29.7
MPC-2 10038 68.8 80.3 90.5 8.6 31.8 7.9 29.7
MPC-3 10774 71.7 81.7 91.3 8.7 31.2 8.3 30.3
MPC-4 11606 75.4 84.9 93.3 8.7 31.8 8.5 30.7
MPC-5 12386 77.2 86.7 94.7 8.7 32.2 8.7 32.2

These raw materials were balled in a laboratory drum to green pellets using methods 
described earlier in detail [14]. 0.5% bentonite was used as a binder. The moisture content 
was kept constant (8.7%), which resulted in constant porosity (31.9 ± 0.5%), see Table 1. 
Dried green pellets (105oC, overnight) were used in the oxidation and dilatation studies. The 
coarsest and finest raw materials, MPC-1 and MPC-5, were also balled at different levels of 
porosity in green pellets. The MPC-5 raw material was additionally balled after mixing 3.5% 
olivine (65% -45 μm by sieving) with the magnetite raw material. All five samples were also 
balled at the material specific moisture content (at constant plasticity) [13], see Table 1. 
Porosity was measured on dried green pellets by the GeoPyc 1360 instrument (Micromeritics 
Inc.) and absolute density by the AccuPyc 1330 gas displacement pycnometer (Micromeritics 
Inc.). These methods have been described earlier in detail [15]. In the GeoPyc instrument, the 
green pellet volume is measured by packing the sample in silica sand. Before measuring, the 
green pellets were strengthened by spraying with a lacquer.

2.2 Dilatometer measurements 

A Setaram TMA96 instrument was used in the dilatometer measurements. The pellets were 
prepared to constant size of 10 mm by rotating them in a 10 mm hole, stamped in a steel plate. 
Olsen and Malvik [9] used the same preparation method. In the TMA96 instrument, the 
sample was placed on an Al2O3 sample holder and an Al2O3 push rod was used to detect 
variations in sample dimensions as a function of the furnace temperature or time. A weight of 
5 g was applied to the push rod to get good contact with the sample. The sample temperature 
was measured with a thermocouple fastened to the Al2O3 sample holder, at about 3 mm 
distance from the pellet sample. A slow heating rate (5oC/min) was chosen to ensure that the 
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temperature within the green pellet is at all times the same as that read from the 
thermocouple. Background correction was done by running a 16 mm Al2O3 sphere with the 
same measuring program as applied for the green pellet samples. Dilatometer measurements 
were run both under non-oxidizing (99.99990% N2) and oxidizing (16.0%  0.1 % O2 in N2)
atmospheres to measure the dimensional changes in the magnetite and hematite phases, 
separately.

2.3 Thermogravimetric analysis (TGA) 

TGA measurements were done using a Setaram 92-16 thermobalance. In this instrument, the 
sample is suspended from the balance and lowered into the graphite furnace with the help of 
an elevator. Nitrogen (99.99990% N2) was used as an inert gas and 16.0  0.1 % O2 in N2 was 
used as the oxidizing gas. As the diameter of the green pellet largely influences the time 
needed for oxidation [1,4,6], the green pellets were prepared to 10 mm in size using the same 
method as described above. This is the largest sample diameter that can be run in the TGA 92-
16 instrument. The sample weight in green pellets with constant porosity (31.9%) was 1800 ± 
25 mg. In green pellets with varying porosity the sample weight followed porosity, being 
1840 mg at 30.0% porosity and 1860 mg at 29.0% porosity. Total oxidation weight gain was 
measured by TGA in magnetite concentrate powder samples with a heating rate of 5°C/min. 
The total oxidation weight gain was 3.38% (23.6% Fe2+) in all samples.  

In earlier literature, several different TGA measuring methods have been used to measure the 
oxidation rate in iron ore pellets. One method is to allow the sample to reach the desired 
isothermal temperature under non-oxidizing atmosphere before the oxygen-containing gas, 
most often air, is turned on [6,7,9]. This method is truly isothermal but there are two draw-
backs, both of which tend to decrease the measured oxidation rate. First, the oxidizing gas is 
diluted by the inert gas in the beginning of the oxidation experiment [16] and the initial rate of 
oxidation will be too low. Secondly, if this method is used in temperatures above 800oC,
sintering would take place before oxidation and suppress the oxidation rate. The degree of 
sintering could depend on the applied time for pre-heating. Another method that has been 
used is to pre-heat the sample at around 500oC in air before measuring the oxidation rate [4]. 
This was deemed justifiable, because the extent of oxidation in temperatures below 500oC
was considered too small to be relevant for the subsequent pelletizing process. However, in 
magnetite pellet concentrates of typical pelletizing fineness, as much as 10 to 25% of all 
oxidation can take place already at temperatures below 400oC [6,17]. This oxidation is very 
fast and adds to the heat development during the fast oxidation of the pellet outer shell. 
Finally, if no heat pre-treatment is done before registering the oxidation weight gain [8], any 
loss of weight, like calcining and especially dehydration of the bentonite binder, would take 
place during the oxidation period and diminish the measured weight gain. Bentonite contains 
both free water (about 10%) and structurally bound water (about 10%), which is lost between 
500 and 800oC.

In this study, the pellet sample was pre-heated in the TGA92 instrument, in a platinum wire 
basket, to 800oC under nitrogen atmosphere for 60 minutes. The pellet was then cooled back 
to room temperature at a cooling rate of 20oC/min. At 800oC in inert gas, only normal thermal 
expansion takes place. The pre-heated and cooled green pellet in the wire basket was then 
weighed and hanged back to the TGA balance. The green pellet weight decreased with 0.22% 
(about 4 mg) during pre-heating. The oxidation experiment was started by heating the furnace 
to the desired temperature, while flushing with the oxidizing gas. At this stage, the sample 
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elevator was in the upper position with the sample hanging outside the furnace. The sample 
inlet of the furnace was closed with a plate. The oxidation measurement was started by 
lowering the sample in the hot furnace. Using this method, the oxygen content in the 
oxidizing gas is constant. The first part of oxidation takes place non-isothermally as the 
sample temperature rises from room temperature to the furnace temperature. This is also the 
main oxidation pattern for pellets in a full-scale pelletizing process.  

Lowering the sample elevator in the TGA92 instrument takes 24 seconds. This time was 
deducted from the total oxidation time. At 800oC, the subtraction of the 24 seconds makes the 
oxidation time a few seconds too short, because the heating of the pellet is already started 
when it enters the upper part of the hot zone. At 1100oC and 1200oC, heat transfer takes place 
by radiation and the heat hits the sample as soon as it enters the upper part of the furnace. In 
this case, heating starts about 10 seconds before the pellet reaches its final position in the hot 
zone. These errors are considered marginal. Background correction was done by running two 
annealed Al2O3 spheres with about the same weight as the green pellet. The background run 
showed a 1 mg increase in sample weight, as a step-change directly after descending the 
Al2O3 sample in the furnace. This was subtracted from the oxidation run. This kind of 
background correction does not correct for the apparent weight loss at the Curie point [17], 
which can vary depending on the degree of oxidation in the pellet when the Curie point is 
reached. Therefore, the total oxidation weight gains obtained for pellets in these experiments 
are slightly too low. These errors are marginal and do not change the interpretation of the 
oxidation data. 

3. Results 

3.1 Interpretation of the dilatation curves 

When a pellet starts to oxidize, a shell of hematite is formed around the pellet while the core 
is still magnetite. Displacement curves (Disp) and corresponding derivate curves (dDisp) were 
measured under non-oxidizing and oxidizing atmospheres to separately describe thermal 
volume changes in these two phases. The dilatation curve collected under nitrogen 
atmosphere is used to describe the behaviour of the magnetite core in pellets. The dilatation 
curve collected under oxidizing atmosphere is used to describe the behaviour of the oxidized 
hematite shell in pellets. 

Dilatation curves for green pellets prepared of the MPC-5 raw material run under non-
oxidizing and oxidizing atmospheres are shown in Fig. 1 (Disp) and Fig. 2 (dDisp). Under 
non-oxidizing atmosphere, linear expansion up to 800oC was found. The breakpoint seen at 
570oC is the Curie point. The apparent linear coefficient of expansion ( e*) in nitrogen 
atmosphere, between 100 and 800oC, was calculated to be 6.1 x 10-6 /oC. This figure is 
impaired by some inaccuracy because of the disturbance in the Curie point.  Between 800 and 
950oC, slight shrinkage took place and thereafter, vigorous sintering started. At 1200oC, the 
apparent linear coefficient of shrinkage ( s*) in the magnetite pellet (in N2) became near 
constant (-149 x 10-6/oC).

The dilatation curves measured under oxidizing atmosphere showed quite different behaviour. 
The sample showed measurable contraction starting already at 330oC. This is near to the 
temperature at which -hematite, formed during the low temperature oxidation of magnetite, 
has been found to assume the -hematite structure [17]. The dilatation curve showed linear 
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shrinkage during the whole temperature range of -hematite oxidation, s* was -8.8 x 10-6/oC
between 330 and 900oC, leading to a total linear contraction of 0.5%. Thereafter, the rate of 
shrinkage increased slightly, and at 1100oC the main sintering started. Soon after passing 
1200oC, s* in the oxidized hematite pellet (in 16% O2) became near constant, being -154 x 
10-6/oC at 1250oC.
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Fig. 1. Displacement curves (Disp) for green pellets measured under non-oxidizing (N2) and 
oxidizing (16% O2) atmospheres as a function of sample temperature. Raw material MPC-5, 
porosity 32.2%.
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Fig. 2. Derivative displacement curves (dDisp) for green pellets measured under non-
oxidizing (N2) and oxidizing (16% O2) atmospheres as a function of sample temperature. 
Raw material MPC-5, porosity 32.2%.
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The derivative displacement curve measured under oxidizing atmosphere showed an 
inflection point after passing 1300oC and the shrinkage rate started to decrease (see Fig. 2). 
This could be explained by the dissociation of hematite back to magnetite leading to 
expansion. Dissociation has been found to start in measurable rates soon after passing 
1200oC, when additives, like olivine, are present [18]. The dissociation rate is largely 
dependent on the amount and fineness of the olivine. To confirm the influence of dissociation 
on the dilatation curve, green pellets balled of the same MPC-5 raw material but mixed with 
olivine (3.5 weight-%) were measured. The dilatation curves completely overlapped up to 
900oC. Derivative displacement curves above 900°C under non-oxidizing and oxidizing 
atmospheres are shown in Fig. 3 and 4, respectively. Under nitrogen atmosphere, a fair 
concordance up to 1200oC was found. Thereafter, the shrinkage rate in the green pellet balled 
without olivine became constant, while that in the green pellet containing olivine showed an 
intensive increase. Under oxidizing atmosphere, the curves again overlapped up to 1200oC. 
Thereafter, the shrinkage rate in the pellet without olivine became constant, while that in the 
pellet containing olivine showed a pronounced inflection point and started to decrease. This 
can be explained by expansion of the pellet during dissociation of hematite. At 1350oC, the 
expansion in the pellet containing olivine already compensated for the shrinkage due to 
sintering and dDisp was near zero.
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Fig 3. Derivative displacement curves (dDisp) for green pellets prepared from the MPC-5 
material with and without olivine as a function of the sample temperature. Measured in 
N2. Simulates the behaviour of the pellet un-oxidized (magnetite) core. 
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The repeatability in the dilatation measurements was estimated by measuring three pellets 
from the same sample balled with the MPC-5 raw material. The repeatability (1 ) was ±0.2 x 
10-6/oC for expansion in nitrogen ( e*, 100 to 800oC) and for shrinkage during oxidation ( s*,
330 to 900oC). The repeatability for s*calculated at temperatures above 1000oC was ±5 x 10-

6/oC, on average.

3.2 Dilatation in green pellets with varying raw material fineness and constant porosity 

Dilatation curves for green pellets prepared of the MPC-1 to MPC-5 materials at constant 
porosity (31.9%) were measured under non-oxidizing and oxidizing atmospheres. The curves 
completely overlapped at temperatures below 900oC. e* calculated between 100 and 800oC
(in N2), as an average for all the studied materials, was 6.0 ± 0.1 x 10-6/oC (1 ).
Correspondingly, s* for oxidation between 330 and 900oC was -9.1 ± 0.5 x 10-6/oC (1  ).  s*
calculated at 1100oC, 1200°C and 1300°C for each of the samples, under non-oxidizing and 
oxidizing atmospheres, are shown as a function of fineness in Fig. 5a to c. The shrinkage rate 
increased as the raw material became finer at 1100 and 1200oC in N2 atmosphere and at 1200 
and 1300oC in 16% O2 atmosphere. The difference in shrinkage rates under non-oxidizing and 
oxidizing conditions was largest at 1100°C, because at this temperature, shrinkage in the 
hematite phase has not yet started. The difference increased as the raw material became finer. 
The large influence of olivine addition on s* at 1300°C is shown in Fig. 5c. Under N2
atmosphere the olivine addition largely increased the shrinkage rate and under oxidizing 
atmosphere, the shrinkage rate substantially decreased. 
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Fig. 5a-c. Apparent linear shrinkage coefficient ( s*) in green pellets as a function of raw 
material fineness at 1100°C, 1200°C and 1300°C. Measured in N2 and in 16% O2. Results for 
green pellets prepared from MPC-5 (77.2% -45 μm) and containing 3.5% olivine are shown, 
as well. 

3.3 Interpretation of the oxidation curves at 800oC furnace temperature 

The oxidation studies were started at 800oC because at this temperature, the oxidation rate is 
not influenced by sintering. Understanding the oxidation phenomena at 800oC helps to 
interpret the oxidation curves at higher temperatures. Oxidation curves, weight gain (TG) and 
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the corresponding derivative curve (DTG), registered at 800oC furnace temperature for a 
green pellet prepared from the MPC-5 material, are shown in Fig. 6. The general features of 
the TG curve are similar to those shown in earlier literature, but DTG curves have not been 
shown earlier. DTG curves give detailed information about the stages in oxidation of pellets.
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Fig. 6. Oxidation mass gain (TG) and the corresponding derivative curve (DTG) registered at 
800oC furnace temperature for a green pellet prepared from the MPC-5 sample. The 
experimentally estimated temperature inside the pellet is marked on the figure. Also, the 
calculation of the heating and oxidation time (theat, tthrough) and the corresponding weight 
gains (dmheat, dmthrough), are shown.  

The actual temperature inside the green pellet as a function of the oxidation time was 
estimated by pre-oxidizing pellets for 15 minutes at 400, 560 or 700oC, before final oxidation 
at 800oC. In pre-oxidized pellets, the oxidation weight gain starts only after the pellet 
temperature exceeds the pre-oxidation temperature. In this way, it was possible to estimate 
that the first sharp peak on the DTG curve is dedicated to superficial low-temperature 
oxidation (below 400oC) of the pellet. In a pellet pre-heated near to the Curie temperature, 
560oC, oxidation started after 1.4 minutes from start. After pre-heating to 700oC, oxidation 
started after 2.4 minutes. These temperatures are marked in Fig. 6. This method probably 
somewhat overestimates the time needed to reach a given temperature in the pellet, because 
the release of oxidation energy will speed up the heating rate. These temperatures are rough 
approximations and are only shown to explain the temperature at the inflection point of the 
concave part of the DTG curve. This point appeared consistently 4.4 minutes after start. It 
seems reasonable to expect that at this point, the temperature in the green pellet has reached 
the furnace temperature or is at least very near to it with only a slight drift.  

Calculation of the heating time and the oxidation time (theat, tthrough) and corresponding mass 
gains (dmheat, dmthrough) are shown in Fig. 6. It should be noted that here, the oxidation time 
(tthrough) refers to the total time needed to transfer oxygen through the pellet. It is calculated as 
a time delay from the moment the measurement was started (the sample elevator reached its 
final position in the furnace hot zone) to the observed time on the oxidation curve, i.e. the 
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observed time minus 324 seconds. The degree of oxidation need not be 100% at this point. 
Also the time delay and mass gain for the isothermal (or near isothermal) oxidation period 
was calculated (tiso= tthrough – theat , dmiso= dmthrough - dmheat). The average oxidation rate during 
the isothermal oxidation period was calculated as dmiso/ tiso. The heating time (theat) was 4.4 ± 
0.1 (1 ) min at 800oC and 3.9 ± 0.1 (1 ) min at 1100 and 1200oC, on average.

The oxidation sequence was also studied by interrupting the oxidation experiments at 
different times and by preparing the pellets to polished samples and inspecting them under 
optical microscope. Microscope images are not included, but confirmed the following 
oxidation sequence. During the non-isothermal heating period (the first 4.4 minutes), a 
partially oxidized shell with a diffuse oxidation front is formed. As the temperature 
continuously rises, the capability of the particles to take up oxygen within a relevant time 
scale (a few minutes) continuously increases. Particles on the periphery of the pellet are first 
in line to fill up with oxygen, while particles further inside the pellet oxidize at low oxygen 
pressures. The degree of oxidation in particles increases and starts to level out, as the 
temperature in the sample stabilizes. When the temperature in the pellet reaches the furnace 
temperature, isothermal oxidation starts. At the point where the DTG curve drops and the 
slow linear increase in oxidation weight gain starts, the oxidation front has reached the 
midpoint of the pellet.  

During oxidation of a pellet, the oxidation rate in magnetite particles should be considered in 
relation to the speed of penetration of the oxidation front. The superficial oxidation of 
magnetite particles is fast, less than one minute, as was shown by Monsen [19]. Thereafter, 
oxidation proceeds by the slow diffusion of Fe2+/Fe3+ ions in hematite [20]. Increasing the 
temperature facilitates faster diffusion through the hematite phase and also the diffusion of 
O2

- ions [20].  Therefore, oxidation in magnetite particles is limited by both their size and by 
the temperature. Thermograms measured on sized magnetite concentrate particles are shown 
in Fig. 7. Particles larger than 20 μm oxidize only partially at 800oC. Therefore, the degree of 
oxidation in pellets does not reach 100% at this temperature, not even after a very long 
oxidation time (one hour). At 1100oC, magnetite particles of all sizes found in typical pellet 
feeds oxidize to near 100% and a more distinct oxidation front in pellets is found. 
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Fig. 7. Oxidation curves (TG) for sized magnetite concentrate particles. Heating rate 
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Gas flow rate is critical for the oxidation rate in pellets [1,4,6,7]. It needs to be high enough so 
that mass transfer of oxygen through the gaseous boundary layer becomes negligible 
compared to other rate-limiting parameters, in a similar manner as is the case in the real 
pelletizing process. The influence of gas flow rate was experimentally studied by measuring 
the oxidation rate in green pellets prepared from the MPC-5 material using different pressures 
for the oxidizing gas. The DTG curves are shown in Fig. 8 to visualize the oxidation patterns. 
The calculated oxidation time as a function of gas pressure is shown in Fig. 9. After reaching 
2.2 bar (2.2 x 105 Pa) pressure, the oxidation time was almost independent of the gas flow 
rate. This pressure was used in all experiments. Four parallel pellets prepared from the finest 
raw material, MPC-5, were measured to estimate the repeatability in the oxidation 
experiments. The results are given together with other experimental data, in Table 2. Each 
point in Fig. 10 to 17 represents results obtained for green pellets from one micro-balling 
batch. Where several parallel pellets were analysed, an average value is shown in the figures. 
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Fig. 9. Oxidation time in green pellets measured at 800oC furnace temperature as a function 
of the pressure of the oxidizing gas. Raw material MPC-5, porosity 32.2%, 16% O2.

3.4 Oxidation in green pellets with varying raw material fineness and constant porosity

The oxidation time (tthrough), the oxidation weight gain during heating (dmheat) and the average 
isothermal oxidation rate as a function of the raw material fineness and the furnace 
temperature are shown in Fig. 10 to 12, respectively. The oxidation time became longer as the 
magnetite raw material became finer, at all temperatures. The oxidation time also became 
longer when the furnace temperature was raised. The weight gain during heating was constant 
at 800 and 1100oC but at 1200oC, slightly lower values for the two finest raw materials were 
obtained. The isothermal oxidation rate showed particle size dependency at all temperatures 
and decreased when the raw material became finer. For each sample material, the isothermal 
oxidation rate was highest at 1100oC. The TG and DTG curves for the oxidation of green 
pellets prepared from the coarsest (MPC-1) and finest (MPC-5) materials at 1200oC furnace 
temperature are shown in Fig. 13 to visualize the differences in curve shapes. The oxidation 
weight gain in the MPC-5 sample started to lag already during the heating period and a 
distinct difference developed when the isothermal oxidation period started.  
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Fig. 10. Oxidation time (tthrough) in green pellets as a function of the raw material fineness 
and the furnace temperature. Constant porosity (31.9%).
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3.5 Dilatation and oxidation in green pellets with varying porosity 

Earlier studies have shown that an increase in raw material fineness needs to be compensated 
by increasing the moisture content in green pellets in order to adjust the ballability of the 
material [12]. Therefore, in practical balling, a finer raw material results in a larger green 
pellet porosity. Dilatation and oxidation in green pellets prepared from the coarsest and the 
finest raw materials (MPC-1 and MPC-5) with different porosities were measured. The 
dilatation curves completely overlapped. 

The oxidation time became shorter as the porosity increased, for both materials and at all 
temperatures (see Fig. 14 and 15). At 1200°C, the results for pellets prepared from the finest 
raw material, MPC-5, showed a large spread. The repeatability between pellets from one 
sample was within errors shown in Table 2, but green pellets from different micro-balling 
batches differed. The oxidation weight gain during the heating period increased as the 
porosity increased, as shown in Fig. 16. Again, green pellets prepared from the MPC-5 
material and oxidized at 1200°C furnace temperature, showed a larger spread.  
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Fig. 14. Oxidation time (tthrough) at different 
furnace temperatures as a function of 
porosity in green pellets prepared from the 
coarsest raw material, MPC-1.
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3.6 Dilatation and oxidation in green pellets at material specific porosity 

Dilatation and oxidation in green pellets prepared from the five MPC raw materials at 
moisture contents corresponding to realistic balling conditions for each of the materials (at 
constant plasticity [13]) were measured. The dilatation curves completely overlapped. The 
oxidation time at 800, 1100 and 1200°C furnace temperatures as a function of the raw 
material fineness is shown in Fig. 17. Porosity in each sample is marked on the figure. At 
800°C furnace temperature, the oxidation time increased with increasing raw material 
fineness. At 1100 and 1200°C, the oxidation time became constant; 14 and 16 minutes, 
respectively. 

4. Discussion 

When a pellet starts to oxidize, a shell of hematite is formed around the pellet while the core 
is still  magnetite. Dilatation curves were measured under non-oxidizing and oxidizing 
atmospheres to separately describe thermal volume changes in these two phases. The 
dilatation curve collected under nitrogen atmosphere is used to describe the behaviour of the 
magnetite core in pellets. The dilatation curve collected under oxidizing atmosphere is used to 
describe the behaviour of the oxidized hematite shell in pellets. 

These two phases show very different thermal volume changes (Fig. 1 and 2). The un-
oxidized magnetite core showed thermal expansion up to 800oC ( e* = 6.0 x 10-6/oC), while 
contraction during oxidation between 330 and 900oC by 0.52% ( s* = -9.1 x 10-6/oC), was 
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observed. After 800oC, the magnetite core also started to shrink slightly and soon after 950oC, 
it shrank much faster than the hematite shell, because the main sintering in the hematite phase 
started only after passing 1100oC. Due to the higher shrinkage rate in the pellet core compared 
to the oxidized shell, the core is pulled away from the shell and the duplex structure starts to 
form. At 1200oC the shrinkage rates in the magnetite core and in the hematite shell were near 
equal.

These thermal volume changes cause structural stress in pellets and, in the worst cases, 
concentric cracks along the structural boarder between the more heavily sintered core and less 
sintered shell (duplex structure). After sintering in the kiln and cooling in the cooler, 
practically all magnetite is oxidized to hematite, but the differences in the pellets macro-
structure remain, as was shown lately in a wide study of macro-structures in plant pellets [21]. 
The remaining structural stress in pellets can be released upon reduction in blast furnace and 
result in fracturing to pieces and fines. Ilmoni and Uggla [1] found that the degree of 
oxidation needs to be at least 80% in pellets leaving the PH zone to get acceptable strength in 
pellets after firing. When the oxidized shell is pushed further inside the pellet before final 
sintering in the kiln, the contact area between the core and the shell decreases, as does the 
structural stress. 

Dilatometer measurements showed that the shrinkage rate increased as the raw material 
became finer at 1100 and 1200oC for the magnetite core (in N2) and at 1200 and 1300oC for 
the oxidized shell (in 16% O2) (Fig. 5a-c). Because sintering in the magnetite phase started 
earlier (950oC) compared to the hematite phase (1100oC), the difference in shrinkage rates 
between these two phases was largest at around 1100oC and was larger for the finer raw 
materials. Finer grind in the raw material would, therefore, promote the formation of duplex 
structures. The sintering rate was not influenced by the original porosity in green pellets, 
within the studied range (between 28 and 34%). 

The measured differences in the sintering rate as a function of raw material fineness were, 
however, small compared to the large influence of the olivine additive found soon after 
passing 1200oC. Dilatation measurements showed that the dissociation of hematite back to 
magnetite gave rise to an increase in volume of the oxidized hematite shell. At the same time, 
the sintering rate of the magnetite core was further increased, which might be due to 
formation of a magnesium-rich magnetite phase [21]. Therefore, if the dissociation 
temperature is exceeded, the risk of formation of concentric cracks is expected to be mainly 
controlled by the rate of dissociation (the amount and fineness of the additive [18]) rather than 
by the fineness of the magnetite concentrate. These mechanisms further explain the earlier 
reported improvements gained in pellet reduction strength (LTD) when the reactivity of the 
olivine additive was restricted by shifting the grind of olivine to a somewhat coarser grind 
[18]. In the present work, the influence of olivine on thermal volume changes in iron ore 
pellets is only qualitatively shown. To quantify these effects, more laboratory work is needed. 

Oxidation measurements showed that when a 10 mm pellet was heated by placing it in a hot 
furnace at 800 to 1200oC, roughly half of the pellet mass was oxidized under non-isothermal 
conditions, during the heating period. In a spherical specimen, a large part of the weight of the 
specimen is located at the outer shell and, therefore, the rate of oxidation is initially high (Fig. 
6). When the temperature inside the pellet reached the furnace temperature, isothermal (or at 
least near isothermal) oxidation started. The oxidation time (time needed to transport oxygen 
through the whole pellet) increased and the isothermal oxidation rate correspondingly 
decreased as the magnetite concentrate raw material became finer, at all furnace temperatures 
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(Fig. 10 and 12). At 800oC, this can be explained by an increase in the degree of oxidation of 
the magnetite particles, which is limited by the particle size at this temperature (Fig. 7). 
Decreasing the particle size simply increases the consumption of oxygen. At 1100oC,
magnetite particles of all sizes found in typical pellet feeds oxidize nearly completely. 
Therefore, at 1100 and 1200oC furnace temperatures the underlying mechanisms are 
necessarily different.

At 1100oC, the particle size dependency of the oxidation time and isothermal oxidation rate 
cannot be explained by enhanced sintering of the oxidized hematite shell, because at this 
temperature, the main sintering of the hematite phase has not yet started (Fig. 5a). Also, no 
difference in shrinkage during the formation of the hematite shell (oxidation between 330 and 
900oC), as a function of the raw material fineness, was found. Therefore, at 1100oC a decrease 
in the diffusion rate of oxygen through the oxidized hematite shell is not a reasonable 
explanation for the particle size dependency of the oxidation time, as has been claimed in 
earlier literature [7,8]. The logical explanation is rather the increased sintering in the 
magnetite core taking place before oxidation and then suppressing  the diffusion rate of 
oxygen.

At 1200oC, the hematite shell and the magnetite core both show vigorous sintering and the 
sintering rate in both phases increased as the magnetite concentrate became finer (Fig. 5b). 
Therefore, at 1200oC the oxidation rate becomes limited both by the decreasing diffusion rate 
through the oxidized hematite shell being sintered and by the sintering in the magnetite core 
taking place before oxidation. This dual mechanism explains why the oxidation rate at 1200oC
was appreciably lower compared to oxidation at 1100oC. The suppressing effect of sintering 
on the oxidation rate in green pellets prepared from the finest raw materials became so severe 
at 1200oC that the oxidation weight gain started to lag already during the heating period (Fig. 
11).

In the above described experiments, the green pellet porosity was kept constant while the 
particle size in the pelletizing raw material was varied. In these experiments, the diffusion rate 
of oxygen before sintering started was constant. Due to practical demands in balling, the 
particle size distribution in pellet feeds necessitates a certain amount of moisture  in balling 
and therefore, a certain porosity in pellets [13]. As the raw material becomes finer, the 
moisture content needs to be increased, which results in a higher porosity in green pellets. The 
influence of porosity was studied by preparing green pellets of different porosities from the 
coarsest and finest raw materials (MPC-1 and MPC-5, respectively). No differences in the 
sintering behaviour at different levels of original porosity in pellets were found. Therefore, 
increasing porosity should result in increasing oxidation rate throughout the whole oxidation 
process. This was confirmed by the experimental results. The oxidation time became shorter 
as porosity increased (Fig. 14 and 15). Also, the amount of oxidation taking place during the 
heating period increased as porosity increased (Fig. 16). Green pellets prepared from the 
finest raw material (MPC-5) showed, however, a substantial spread in results measured at 
1200oC furnace temperature. Samples that showed long oxidation times showed less oxidation 
already during the heating period. This can probably be explained by the subtle balance 
between oxidation and sintering. Even a slight decrease in the initial oxidation rate due to, for 
example, small variations in green pellet porosity , would leave more time for sintering before 
oxidation and further decrease the oxidation rate.

In green pellets prepared of the five MPC materials under realistic balling conditions, i.e. at 
constant plasticity, the decrease in the oxidation rate due to the finer grind in the raw material 
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was levelled out by the opposite effect of an increase in porosity. In green pellets balled at 
constant plasticity and oxidized at 1100°C furnace temperature, the oxidation time became 
constant (14 minutes, see Fig. 17). In the real pelletizing process, the situation would, 
however, be different. Only partial oxidation takes place in the PH zone before pellets are 
loaded in the kiln. Therefore, even if the oxidation rate in green pellets would be the same 
until the end of the PH zone, more sintering in the kiln would take place in green pellets 
prepared from the finer raw materials. This would result in an increasing degree of duplex 
structures as the raw material becomes finer. Also, the spread in the degree of duplex 
structures can be expected to increase. The results highlight the complexity of the oxidation 
and sintering process and the importance of process knowledge when laboratory data is used 
to predict pellet behaviour in the full-scale process. 

In these experiments, the real temperature inside the pellet was not measured. As the 
oxidation of magnetite to hematite is a largely exothermic reaction, a temperature rise inside 
the pellet can be expected. If the temperature inside the pellet rises, it is expected to happen 
during the fast oxidation of the pellet outer shell and can have a large influence on the 
oxidation rate. Temperature differences of 100oC in magnitude between the pellet outer 
surface and the pellet core have been reported [1,3,20]. Papanastassiou and Bitsianes [7] 
pointed out that pellets oxidizing in a bed of similarly-reacting pellets face another thermal 
environment than a single pellet being oxidized in a combustion tube furnace. In a bed of 
pellets, the heat is conserved and the pellet gains about equally as much energy from its 
neighbours as it loses. In the combustion furnace, if the pellet surface temperature rises 
through oxidation, it can lose heat to the gas stream which acts as a heat sink at the furnace 
operating temperature. Therefore, even slight over-heating of pellets during oxidation in a 
tube furnace might suggest substantial over-heating problems in a bed of pellets. If the 
temperature inside the pellet exceeds the limiting temperature for dissociation to start, the 
oxidation and dilatation patterns would be substantially changed. A fast and accurate 
temperature measurement in the pellet core and on the pellet surface would be helpful in 
further understanding of the oxidation patterns in iron ore pellets. 

The large variations in raw material fineness and green pellet porosity studied in this work 
were artificially generated and are not found under real process conditions in a pelletizing 
plant. Under full production scale, normal variations in magnetite concentrate fineness are in 
the order of a few %-units in the % - 45 μm fraction and roughly ±1 %-unit in porosity. 
However, changes in the grinding scheme, like closing the grinding circuits with cyclones, 
would lead to considerable changes in the particle size distribution and hence, in pellet 
porosity and oxidation and sintering behaviour.

The oxidation rate in pellets is not only controlled by the pellet properties but also by process 
parameters applied in the pellet plant. One of the most important process variables regarding 
the oxidation rate is the heating rate of pellets, as was also pointed out by Haas et al. [5]. In 
the present study, it took 3.9 minutes to heat the pellet from room temperature to 1100 or 
1200°C. This corresponds to an average temperature rise of around 300oC/min. In the real 
process, the upper part of the pellet bed is dry after the drying zones and heated from around 
250 to 1250oC within 3 minutes (330oC/min). The heating rate in the lower part of the bed is 
appreciably lower (about 150oC/min). The rate of heating applied in the TPH and PH zones 
needs to be adjusted for the specific raw material and green pellet properties to minimize the 
draw-backs of pronounced duplex structures. A lower heating rate allows the formation of a 
thicker hematite shell before the sintering temperature is reached. 
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Here, the size of green pellets was limited by the graphite furnace in the TGA instrument to 
10 mm. Industrial green pellets are normally larger. The size of green pellets can be expected 
to have a large influence on the formation of duplex structures. As the green pellets become 
larger, the size of the un-oxidized magnetite core subjected to sintering before oxidation 
increases.

Some other process parameters can influence the oxidation of iron ore pellets, as well. Great 
sensitivity of the oxidation rate to variations in the partial pressure of oxygen has been 
reported [6, 7]. These effects should be studied further. It is of vast importance to ensure that 
the partial pressure of oxygen is at a correct level during the very start of the experiment. The 
gas flow rate in the oxidation zones of the pelletizing machine is normally very high. 
However, the oxidation results obtained with different gas flow rates (Fig. 8 and 9) highlight 
that if the gas flow is hindered by, for example, crumbs from broken pellets or by deformation 
of over-wetted green pellets, it has a large effect on the oxidation process. Finally, the 
temperature range for optimal oxidation is very narrow, between 1100 and 1200oC. 1100oC is 
the temperature needed for complete oxidation in particles and soon after 1200oC the 
increasing dissociation pressure and severe sintering in both the oxidized hematite shell and in 
the magnetite core slow down the oxidation rate.  

5. Conclusions 

1. Oxidation mechanisms and thermal volume changes in magnetite iron ore pellets as a 
function of raw material fineness and pellet porosity are shown. When a pellet starts to 
oxidize, a shell of hematite is formed around the pellet while the core still is magnetite. 
Dilatation curves were measured under non-oxidizing and oxidizing atmospheres to 
separately describe thermal volume changes in these two phases. Dilatation measurements 
showed contraction during oxidation between 330 and 900°C by 0.52%. The extent of 
contraction was not influenced by raw material fineness or the original porosity in pellets. 
Simultaneously with the contraction in the hematite shell, linear expansion in the magnetite 
core took place. Sintering started earlier in the magnetite core (950oC) compared to the 
hematite shell (1100oC). The difference in sintering rates increased with increasing fineness in 
the magnetite concentrate. A finer grind in the raw material would, therefore, promote the 
formation of duplex structures.  

2. Combining the results from the oxidation and dilatation studies revealed new information 
of the rate limiting factors in oxidation of iron ore pellets. At 1100oC, the diffusion rate of 
oxygen was limited by sintering in the magnetite core, taking place before oxidation rather 
than by the diffusion rate of oxygen through the oxidized hematite shell, as has been claimed 
in earlier literature. The oxidation rate was at maximum at around 1100oC. At 1200oC, the 
rate of oxidation substantially decreased because both the hematite shell and the magnetite 
core show heavy sintering at this temperature. The results illustrate that the temperature range 
for optimal oxidation is very narrow, between 1100 and 1200oC. 1100oC is the temperature 
required for complete oxidation in particles and soon after 1200oC the increased dissociation 
pressure and severe sintering slow down the oxidation rate. 

3. At constant porosity in green pellets, the oxidation time became longer as the magnetite 
concentrate became finer, because of enhanced sintering. In practical balling, however, the 
increase in fineness would necessitate the use of more water in balling, which results in an 
increase in green pellet porosity. In the laboratory oxidation measurements, these two 
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opposite effects compensated and the oxidation time became constant when green pellets 
balled at constant plasticity, i.e. under realistic balling conditions. However, in a full-scale 
pelletizing process, differences in the duplex structure would still be expected. This is because 
pellets are only partially oxidized before sintering in the kiln. Sintering increased with 
increasing fineness, but was not influenced by original porosity in pellets. 

4. Dilatometer measurements showed large thermal volume changes in the presence of 
olivine, at temperatures above 1200oC. This is explained by the dissociation of hematite back 
to magnetite. Dissociation leads to an increase in the volume of the oxidized hematite shell, 
while sintering of the magnetite core is further enhanced by the olivine additive. Therefore, if 
the temperature for dissociation in pellets is exceeded, extensive structural stress acts between 
the hematite shell and the magnetite core. In such a case, the extent of the unwanted duplex 
structures would rather be expected to be controlled by the amount and fineness of the olivine 
additive and the temperature in pellets than by the fineness of the magnetite concentrate.  

5. The results point out the complexity in predicting the oxidation behaviour in iron ore 
pellets. An oxidation model based on isothermal oxidation measurements would not be quite 
accurate because under process conditions, a large part of the pellet oxidation occurs non-
isothermally during heating. For relevance in modelling, the laboratory data should be 
collected on green pellets prepared at a moisture content (porosity) corresponding to the 
moisture content needed in large-scale balling. Additives can cause large, step-wise changes 
in both the oxidation rate and in the thermal volume changes. Therefore, oxidation rates 
measured in green pellets prepared from clean magnetite concentrates need not be 
representative for oxidation in green pellets containing additives. Further development of 
measuring techniques is needed to be able to measure the real temperature inside pellets 
during oxidation. Further experimental work both in laboratory and with pot-grate tests is 
required to learn more about the level of tolerance for the different parameters. 
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