
����������
�������

Citation: Iljana, M.; Paananen, T.;

Mattila, O.; Kondrakov, M.; Fabritius,

T. Effect of Iron Ore Pellet Size on

Metallurgical Properties. Metals 2022,

12, 302. https://doi.org/10.3390/

met12020302

Academic Editor: Hong Yong Sohn

Received: 20 December 2021

Accepted: 28 January 2022

Published: 10 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Effect of Iron Ore Pellet Size on Metallurgical Properties
Mikko Iljana 1,* , Timo Paananen 2, Olli Mattila 2, Mikhail Kondrakov 3 and Timo Fabritius 1

1 Process Metallurgy Research Unit, University of Oulu, P.O. Box 4300, FI-90014 Oulu, Finland;
timo.fabritius@oulu.fi

2 SSAB Europe Oy, P.O. Box 93, FI-92101 Raahe, Finland; Timo.Paananen@ssab.com (T.P.);
Olli.Mattila@ssab.com (O.M.)

3 Karelsky Okatysh OAO, Severstal, 52 Zvezdnaya Street, RU-186930 Kostomuksha, Russia;
MA.Kondrakov@severstal.com

* Correspondence: mikko.iljana@oulu.fi

Abstract: Iron ore pellets are small and hard spherical particles agglomerated from a fine iron ore
concentrate. They are used in the blast furnace process to produce hot metal. The diameter of blast
furnace pellets is usually between 8 and 16 mm. In this study, a batch of magnesia iron ore pellets
was first sieved into particle sizes of 8–10 mm, 10–12.7 mm, 12.7–16 mm and 16–20 mm, and the four
different size fractions were used to study the effect of pellet size on metallurgical properties. The
metallurgical experiments showed a decrease both in reducibility under unconstrained conditions
and in low-temperature reduction-disintegration but showed an increase in cold crushing strength as
the pellet size increased. In the reduction-softening test, pellets sized 10–12.7 mm reached the highest
final temperature and the highest reduction degree among the pellet samples of different sizes. Based
on the implications drawn from this study, the amount of 10–12.7 mm pellets should be maximized
in a blast furnace operation.

Keywords: blast furnace; ironmaking; iron ore; pellet; pellet size; reduction; softening

1. Introduction

Iron and steelmaking is one of the most energy-intensive industrial sectors. The
dominant process for making iron worldwide involves a blast furnace (BF), which has a
long-lasting history. Over the years, the operation of blast furnaces has greatly improved,
both technologically and economically. Even though modern blast furnaces function close
to their operational limits, improvements are ongoing. One important area of research
and development concerns effective use of raw materials to enhance BF productivity and
reduce energy consumption and CO2 emissions [1].

Iron ore pellets, sinter and lump ore comprise the main burden of modern blast
furnaces. Iron ore pellets are small and hard spherical particles agglomerated from a
fine iron ore concentrate. They are hardened at high temperatures to attain sufficient
mechanical strength. Fired pellets are durable and easy to handle, and they perform well
in blast furnaces, with good permeability and reducibility [2]. Their diameter is usually
8–16 mm [3]. According to basicity, pellets can be divided into acid (B2 < 0.5) and basic
(0.9 < B2 < 1.3) type. Some additives, such as limestone (CaCO3), dolomite (CaMg(CO3)2)
or olivine (Mg2SiO4), are usually used to produce high-quality pellets with good reducibility
and superior softening and melting properties. Sometimes magnesite (MgCO3) is also used
as a fluxing additive. Bentonite, which is a clay mineral containing silicates, is often used
as a binder for making iron ore green pellets [4,5].

Usually, run-of-mine ores contain too much gangue to be charged into a blast furnace
in the form of lump ores. Therefore, iron ore must be crushed and ground into a small
particle size, and after that, most of the gangue is separated from the iron ore concentrate.
Fine iron ore concentrate is not suitable to be charged into a blast furnace because fines tend
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to pack into a non-permeable bed. Therefore, the ground ore must be agglomerated into
larger particles, which improves the burden permeability. The most common agglomeration
techniques are iron ore sintering to produce sinter feed and the pelletisation process, in
which green pellets are first produced in pelletising drums or discs and then heat hardened
in induration furnaces. The size of the iron ore pellets can be affected by adjusting the
sieves in the pelletising drums or adjusting the speed or inclination angle of pelletising
discs. The finer size distribution of iron ore concentrates due to the depletion of global
high-grade iron ore resources limits their usage in iron ore sintering [2].

During the induration of pellets, temperature and oxygen partial pressure affect the
formation of different phases and microstructure. As the pellet size increases, the conditions
vary across the pellet cross section. The time difference between the oxidation of the pellet
surface and the core increases by increasing the pellet size, i.e., oxidation takes place under
different conditions, resulting in different phases and microstructure [6,7]. The occurrence
of different phases determines the pellet properties.

A variety of ISO standard tests is available for characterising the chemical, physical
and metallurgical properties of ferrous burden materials for blast furnace use. According
to Geerdes et al. [4], the ore burden is characterised by:

1. chemical composition;
2. size distribution (which is important for the permeability of the ore burden layers in

the furnace);
3. cold crushing strength (which is used to characterise the degradation of ore burden

materials during transport and handling);
4. low-temperature reduction–disintegration (which characterises the effect of the reduc-

tion step of hematite to magnetite in the BF shaft);
5. reducibility (which characterises the ease of removing oxygen from iron ores);
6. swelling (which characterises the vulnerability to change in volume during reduction

and is tested to ensure that the volume increase during reduction does not exceed a
set maximum);

7. softening and melting properties (which are important for the formation of the cohe-
sive and melting zone in the blast furnace).

Pellet size is an important factor because it has implications for blast furnace operation,
affecting productivity, energy consumption and CO2 emissions. In this study, iron ore
pellets of different sizes ranging from 8 to 20 mm were tested for chemical, physical and
metallurgical properties. The microstructure and phase composition were studied using a
field emission scanning electron microscope (FESEM) equipped with an energy-dispersive
X-ray spectroscopy (EDS) detector. How the pellet size affects its metallurgical properties is
discussed in this paper.

2. Materials and Methods
2.1. Iron Ore Pellets

Magnesia pellets from a commercial pellet producer were used in the investigations.
A magnesium carbonate mineral named magnesite was used as MgO source in the pellets.
Fundamentally, the pellets are acid type, with a basicity, B2, far below 0.5. A randomly
selected batch of pellets was sieved into particle sizes of −8 mm, 8–10 mm, 10–12.7 mm,
12.7–16 mm, 16–20 mm and +20 mm, and the amount of each fraction was weighted. The
size distribution for the pellet batch is shown in Figure 1. A portion of 70.1 wt.% of the
total sample consisted of pellets with a particle size of 10–12.7 mm, which is also the target
particle size in pelletising. No pellets sized +20 mm were included in the sample. The four
size fractions between 8 mm and 20 mm were chosen for further investigations. There-
fore, only −8 mm pellets (2.8 wt.% of the total sample) were discarded due to negligible
commercial importance.
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Figure 1. Size distribution of the fired pellets on a weight basis. 
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ferent kinds of basicity values are widely used. B2 is the basicity based on two components 
(CaO and SiO2), and B4 is the basicity based on four components (CaO, SiO2, MgO and 
Al2O3,) as illustrated in Equations (1) and (2). Chemical composition was analysed by an 
accredited laboratory. CaO, SiO2, MgO, Al2O3 and S contents were measured with a 
Thermo Scientific™ ARL™ 9900 X-ray fluorescence (XRF) spectrometer, and total iron 
(Fetot) and the divalent iron (FeO) contents were measured by titration method with a Met-
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Table 1. Chemical composition (in wt.%) and basicity for different-sized pellets. 

Component/Basicity 8–10 mm 10–12.7 mm 12.7–16 mm 16–20 mm 
Fetot 64.25 64.05 64.18 64.20 
FeO <0.1 0.2 0.6 0.6 
SiO2 5.31 5.48 5.64 5.33 
MgO 1.40 1.47 1.40 1.53 
CaO 0.24 0.20 0.15 0.18 
Al2O3 0.32 0.32 0.31 0.29 

S 0.004 0.002 0.001 0.001 
B2 0.045 0.036 0.027 0.034 
B4 0.29 0.29 0.26 0.30 

Figure 2 shows backscattered electron images captured by a Zeiss Ultra Plus FESEM 
from different-sized pellets. The basic structure in the pellets consists of iron oxides (hem-
atite and/or magnetite, “O”), quartz grains (“Q”), magnesite grains (“M”) and pores (“P”). 
No major differences can be seen in the microstructure between different-sized pellets.  

Figure 1. Size distribution of the fired pellets on a weight basis.

The chemical composition and basicity values of the four size fractions studied are
shown in Table 1. Basicity is a universal ratio for the description of pellet chemistry. Differ-
ent kinds of basicity values are widely used. B2 is the basicity based on two components
(CaO and SiO2), and B4 is the basicity based on four components (CaO, SiO2, MgO and
Al2O3,) as illustrated in Equations (1) and (2). Chemical composition was analysed by
an accredited laboratory. CaO, SiO2, MgO, Al2O3 and S contents were measured with
a Thermo Scientific™ ARL™ 9900 X-ray fluorescence (XRF) spectrometer, and total iron
(Fetot) and the divalent iron (FeO) contents were measured by titration method with a
Mettler Toledo DL50.

B2 =
CaO
SiO2

(1)

B4 =
CaO + MgO
SiO2 + Al2O3

(2)

Table 1. Chemical composition (in wt.%) and basicity for different-sized pellets.

Component/Basicity 8–10 mm 10–12.7 mm 12.7–16 mm 16–20 mm

Fetot 64.25 64.05 64.18 64.20
FeO <0.1 0.2 0.6 0.6
SiO2 5.31 5.48 5.64 5.33
MgO 1.40 1.47 1.40 1.53
CaO 0.24 0.20 0.15 0.18

Al2O3 0.32 0.32 0.31 0.29
S 0.004 0.002 0.001 0.001

B2 0.045 0.036 0.027 0.034
B4 0.29 0.29 0.26 0.30

Figure 2 shows backscattered electron images captured by a Zeiss Ultra Plus FE-
SEM from different-sized pellets. The basic structure in the pellets consists of iron oxides
(hematite and/or magnetite, “O”), quartz grains (“Q”), magnesite grains (“M”) and pores
(“P”). No major differences can be seen in the microstructure between different-sized pellets.

An example of FESEM-EDS elemental maps is shown in Figure 3 and is taken from a
fired pellet sized 10–12.7 mm. Quartz grains are visible in Figure 3c in blue, a magnesite
grain exists in Figure 3d in yellow, and pores can be seen in the elemental map for carbon
in Figure 3g in red. The carbon in Figure 3g does not originate from the pellet but exists in
the epoxy resin filling the pores in the sample matrix.
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Figure 2. Backscattered electron images by FESEM from the core of pellets sized (a) 8–10 mm,
(b) 10–12.7 mm, (c) 12.7–16 mm and (d) 16–20 mm. “O” stands for iron oxides (hematite and/or
magnetite), “M” for magnesite, “Q” for quartz and “P” for pore.

2.2. Reducibility Test

The reducibility of the pellets under unconstrained conditions was tested with a high-
temperature furnace called a BFS (Blast Furnace Simulator), which has been previously
used to investigate the reduction behaviour of ferrous burden materials under simulated
BF conditions [8–19]. The BFS, a tube furnace with an inner diameter of 95 mm, is capable
of producing complex time- and temperature-dependent atmosphere profiles according
to predetermined programmes. In this study, the reduction experiments were carried out
in CO-CO2-N2 gas, but hydrogen, water vapour, sulphur and potassium can also be used.
The furnace tube and the sample basket are both made of heat-resistant steel, thus limiting
the continuous operating temperature to 1100 ◦C. The operational description and layout
of the BFS are presented in our earlier paper [8].

The reducibility of the pellets was dynamically tested in a CO-CO2-N2 gas from room
temperature up to 1100 ◦C, simulating the average BF shaft gas. The total gas volume
flow rate used here was 15 L/min at normal temperature and pressure (NTP) conditions.
The test programme showing the gas composition and temperature as a function of the
experimental time is presented in our earlier paper [10], referred to as the “no additives”
test. It should be noted that the reducibility test carried out herein is not a standard test.
The ISO 7215:2015 [20] reducibility test is carried out under isothermal conditions and
in a static gas atmosphere, but the conditions in the blast furnace process actually vary
significantly when the burden descends. The authors made the choice to use a customised
reducibility test because the corresponding author of this paper concluded in his doctoral
dissertation that material behaviour should preferably be studied non-isothermally under
simulated process conditions instead of under simplified static conditions to obtain the
most realistic results [11].
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(d) Mg, (e) O, (f) K and (g) C (pores). “O” stands for iron oxides (hematite and/or magnetite), “M” 
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Figure 3. FESEM-EDS mapping of elements of a fired pellet sized 10–12.7 mm. Figure (a) is the
original backscattered electron image, and the EDS mapping of elements is presented in: (b) Fe, (c) Si,
(d) Mg, (e) O, (f) K and (g) C (pores). “O” stands for iron oxides (hematite and/or magnetite), “M”
for magnesite, “Q” for quartz and “P” for pore.

In the reducibility test, a loose-packed layer of pellets with a total weight of 120 ± 0.2 g
was placed in a sample basket in the BFS high-temperature furnace. Prior to determination
of the original weight of the pellets, the pellets were heat-treated at 110 ◦C overnight to
remove any moisture. The experimental sample comprised 69, 36, 21 and 13 pellets sized
8–10 mm, 10–12.7 mm, 12.7–16 mm and 16–20 mm, respectively. Each reducibility test took
240 min (4 h) to reach 1100 ◦C, after which the reduction was continued isothermally for
40 min. After each reducibility test, the sample was cooled in a nitrogen flow until the
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sample reached a temperature of 200 ◦C to prevent sample oxidation. The cooling phase
took 15–20 min.

The final reduction degree was calculated based on the weight change during the test
and the total iron and divalent iron content from the chemical analysis. The weight change
during the test was determined by measurements performed before and after the test with
laboratory scales. Additionally, the online weight-measurement technique used in the
reducibility tests provided an opportunity to draw the reduction degree curve as a function
of experimental time. The final reduction degree (RDfinal) is represented by the ratio of the
amount of oxygen removed from iron oxides to the amount bound to iron oxides and is
calculated according to Equation (3) [20]:

RDfinal =
m1 − m2

m1(0.430w2 − 0.111w1)
·104 (3)

where m1 is the sample weight before reduction, m2 is the sample weight after reduction,
w1 is the divalent iron content, and w2 is the total iron content. Values for w1 and w2 are
taken from the chemical analysis of the fired pellets before reduction.

2.3. Reduction-Softening Test

The reduction-softening behaviour of the pellets was studied with an advanced reduc-
tion under load (ARUL) high-temperature furnace. The ARUL test is a dynamic reduction
and softening test for pellets, sinters and lump ores that was developed at Rautaruukki
(nowadays, SSAB Europe, Raahe Steel Works) for both research and quality-control pur-
poses to study the high-temperature properties of ferrous burden materials [21]. Softening
properties indicate how a BF burden loses its permeability when undergoing reduction.
The ARUL test should not be confused with the ISO 7992:2015 [22] standardised RUL test.
The ARUL reduction-softening test has been utilised in a several studies [10,11,15,21,23,24],
and it is introduced in a review paper of high-temperature experimental techniques to
investigate the cohesive zone of the blast furnace [25].

In the ARUL reduction-softening test, a loosely-packed layer of pellets with a height
of 90 mm was put in a 70 mm diameter graphite cylinder with a perforated and removable
bottom and lid. The compression was executed pneumatically so that the cylinder pushed
the lid of the graphite crucible downwards while the bottom of the graphite crucible stood
still. The initial sample weights were 697.4 g, 656.2 g, 654.6 g and 617.5 g for pellets with
a particle size of 8–10 mm, 10–12.7 mm, 12.7–16 mm and 16–20 mm, respectively. The
variations in the sample weights were caused by the differences in the voidage between the
pellets in the sample basket.

The batch of iron ore pellets was simultaneously heated in a resistor furnace and
continuously reduced in CO-CO2-N2 gas using a programme named MASSIM, which
simulates the average gas in a BF. Figure 4 shows the operation line representing the average
reducing conditions, with a black-coloured bold line in an Fe-O-C phase-stability diagram,
which is usually referred to as a Baur–Glaessner diagram in the literature. The reducing
gas was similar in the reducibility test, but the reducibility test was finished at 1100 ◦C,
while the reduction-softening test continued to higher temperatures until the softening
occurred. The experimental conditions are consistent with the general understanding of
how CO-CO2 gas composition changes in the blast furnace shaft [4,26–28]. According to
Geerdes et al. [4], a typical composition of BF shaft gas lies in the graph inside the grey-
coloured area. The grey-coloured curve shows the gas composition in a European blast
furnace, measured with descending probes [27]. More specific information about reduction-
softening tests can be found in our earlier paper [23], including a schematic diagram of the
ARUL reduction-softening test device and a graph showing the gas composition and the
temperature as a function of the experimental time. The total gas volume flow rate used in
the reduction-softening test was 20 L/min at NTP conditions.
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Figure 4. Reducing conditions in the reduction-softening test marked with a black-coloured bold line
in an Fe-O-C phase-stability diagram. The grey area shows the typical blast furnace conditions, and
the grey curve depicts the conditions in a European blast furnace, measured with descending probes.

In the reduction-softening test, a compression force of 200 kPa was started at 800 ◦C,
and the compression lasted until the end of the test. The sample temperature inside the test
burden, the pressure difference over the sample and the height of the test material were
measured continuously during the test. The test was finished as the pressure difference
over the sample increased to 7.0 kPa. At that stage, the structure of the sample had become
so dense that the reducing gases had major difficulties penetrating through the material
layer, simulating the cohesive zone in a BF. After each reduction-softening test, the sample
was cooled in a nitrogen flow for several hours to prevent sample oxidation. After that, the
sample was removed from the furnace.

To characterise the reduction-softening behaviour of the iron ore pellets, the following
pressure-difference parameters were derived: The TDP20, TDP50 and TDP70 values state
the temperature at pressure differences of 2.0 kPa, 5.0 kPa and 7.0 kPa, respectively. The
TDP20 value was chosen to indicate the onset of softening, and the TDP70 value is the
temperature when gases can no longer penetrate through the material layer, and the test is
finished. RDfinal is the reduction degree at the end of the test and is calculated based on
the weight change during the test and the total iron and divalent iron contents, according
to Equation (3), presented earlier in this paper. The weight change during the test is
determined by measurements performed with laboratory scales before and after the test.
The compression of the material layer is calculated during the test from the measured
displacement (in millimetres) in a vertical direction.

After the reduction-softening test, the sample cake was removed from the graphite
crucible, weighted and photographed. Then, the sample was cut in two pieces, and the cross
section was photographed. After that, a polished section was prepared from the top part
of the cross-sectioned sample, as illustrated in our earlier paper [10]. The microstructures
of the softened sample were first studied with an Olympus BX51 light optical microscope
(LOM), after which the phase compositions were analysed with a Zeiss Ultra Plus field
emission scanning electron microscope (FESEM) equipped with an Oxford Instruments
energy-dispersive X-ray spectroscopy (EDS) detector. Before the EDS analyses, the polished
sections were coated with carbon to ensure electrical conductivity. A total of 20 point
analyses were carried out with an EDS detector for both the wüstite and the slag phases
of each polished sample. The MgO content in the slag and the wüstite were of particular
interest because MgO is known to have a positive effect on softening behaviour [29].
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2.4. Cold Crushing Strength Test

The amount of pellet breakages during handling and charging of the blast furnace
was evaluated according to the ISO 4700:2015 [30] standard using a crushing strength test
apparatus, with the exception that only 50 pellets were compressed. In the test, a single
pellet of a specific size range is compressed at a specific speed. The procedure is repeated
on each pellet in the test portion. The test is complete when either the load falls to a value
of 50% or more of the maximum load recorded or the platen gap has reduced to 50% of the
initial mean test-piece diameter. In either case, the crushing strength is the maximum load
attained in the test. The crushing strength is calculated as the arithmetic mean of all the
measurements obtained.

2.5. Low-Temperature Reduction-Disintegration Test

The amount of size degradation of iron ores in the low-temperature reduction zone
of the blast furnace was evaluated according to the ISO 13930:2015 [31] standard. The
standard test gives a relative measure for evaluating the degree of degradation of iron
ores when hematite is reduced to magnetite in the upper part of the blast furnace shaft. In
the LTD test, the pellet sample was isothermally reduced at 500 ◦C in a rotating tube in
CO-CO2-H2-N2 gas for 60 min. In this paper, the results of the LTD test are shown as the
percentage of material greater than 6.3 mm (LTD+6.3). LTD−3.15 and LTD−0.5 values were
not calculated.

3. Results and Discussion
3.1. Chemical Composition

Among those pellets studied, divalent iron content slightly increased in the pellets as
the pellet size increased. The largest increase in FeO content was seen in those pellets over
12.7 mm in diameter. This result is in accordance with earlier studies by Dwarapudi et al. [7]
and Umadevi et al. [3], as a drastic increase in FeO content beyond the 12.5 mm pellet size
was seen in both of these studies. A high FeO content in the pellets is a result of insufficient
oxidation during induration and is not desirable [7]. Another interesting observation is
the relation between sulphur content and pellet size. The sulphur content increased in the
pellets studied as the pellet size decreased. This might be because some sulphur originates
from the fuel used in the induration furnace and transfers from the gas to the pellet surface.
Sulphur is a harmful element in a blast furnace because of the possibility of forming an
FeO–FeS liquid phase, which melts at relatively low temperatures. The phase diagram
for an FeOn–Fe1−xS system in Slag Atlas [32] (p. 204) shows that the lowest liquidus
temperature in the high-sulphur area of the system is as low as 908 ◦C.

3.2. Reduction Behaviour

The final reduction degrees for pellets of different sizes in the reducibility test under
unconstrained conditions are presented in Table 2. The final reduction degrees were
61.9%, 60.2%, 55.7% and 51.4% for pellets sized 8–10 mm, 10–12.7 mm, 12.7–16 mm and
16–20 mm, respectively. The experiments showed that a small pellet size enhanced the
reduction. This indicates topochemical reduction from the periphery towards the core
of individual pellets. The reduction curves for the differently sized pellet samples are
shown in Figure 5. Even though the small size of the pellets enhanced reduction, the
graphs show only a minor difference in the reducibility between the pellets sized 8–10 mm
and 10–12.7 mm until the 1100 ◦C isotherm. The reduction degree of 11.0% is marked
in the figure as a dashed horizontal line, indicating the end of hematite-to-magnetite
reduction stage. Additionally, the reduction degrees of 29.6% and 33.2% marked in the
figure indicate the end of the magnetite-to-wüstite reduction stage, depending on whether
the non-stoichiometric characteristic of wüstite is considered or not. The shapes of the
reduction curves with areas of rapid and slow progresses of weight changes are related
to the stepwise reduction starting from hematite to magnetite, continuing to wüstite and
finally ending with metallic iron.
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Table 2. Numerical values of the reducibility tests.

Index 8–10 mm 10–12.7 mm 12.7–16 mm 16–20 mm

Number of pellets 69 36 21 13
Initial weight [g] 120.20 120.20 120.08 120.23

RDfinal [%] 61.9 60.2 55.7 51.4
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Another interesting point is that pellet cracking was intensified as the pellet size
increased. Figure 6 shows the pellet sample images before and after the reducibility tests.
Small pellets did not crack at all during reduction, and cracking was most intensified in the
largest size fraction. This is most obviously due to the dualistic structure of a magnetite
core and a hematite shell in the large pellets. In our earlier study [8], the boundary between
the original magnetite nucleus and the hematite shell was shown to act as the source of
cracks. The formation of cracks opens space for gases to more easily penetrate inward to
the pellet core. Even though cracks were formed in large pellets, the large pellets reduced
more slowly than smaller pellets because the formation of cracks was surface-oriented. No
abnormal swelling was detected in any of the size fractions of the pellets when visually
comparing the pellet images before and after the reducibility tests.
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3.3. Reduction-Softening Behaviour

The pressure-difference parameters, together with the compressibility and the reducibil-
ity values, are shown in Table 3 for the different-sized pellets in the reduction-softening
tests. The final temperatures and the final reduction degrees were nearly the same with
size fractions other than 10–12.7 mm, which resisted a temperature of 51 ◦C higher before
losing gas permeability and reduced to a 9.8% unit higher final reduction degree compared
to the other size fractions, on average. The final temperatures of the tests were 1173 ◦C,
1227 ◦C, 1179 ◦C and 1175 ◦C for the 8–10 mm, 10–12.7 mm, 12.7–16 mm and 16–20 mm
sized pellets, respectively. The final reduction degrees were 51.6%, 61.8%, 52.1% and 52.4%
for the 8–10 mm, 10–12.7 mm, 12.7–16 mm and 16–20 mm sized pellets, respectively.

Table 3. Numerical values of the reduction-softening tests.

Index 8–10 mm 10–12.7 mm 12.7–16 mm 16–20 mm

TDP20 [◦C] 1151 1186 1165 1163
TDP50 [◦C] 1166 1214 1176 1172
TDP70 [◦C] 1173 1227 1179 1175

TDP70—TDP20 [◦C] 22 41 14 12
Compressionfinal [%] 49.9 58.0 53.8 55.2

RDfinal [%] 51.6 61.8 52.1 52.4

The pressure difference over the material layer stayed relatively constant until it
rapidly increased in the melt-exudation stage. This can be seen in Figure 7, which shows
the pressure difference in the reduction-softening tests as a function of the measured
sample temperature. The marked increase in the pressure difference over the sample bed
occurred in the following order: 8–10 mm, 16–20 mm, 12.7–16 mm and 10–12.7 mm pellets,
respectively. The pressure difference over the sample increased notably more slowly with
the 10–12.7 mm pellets compared to the other pellet size fractions studied.
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In the reduction-softening test, the compression was started at 800 ◦C, as stated
earlier. There are no significant differences in the compression curves in Figure 8 between
different-sized pellets; however, the pellets sized 10–12.7 mm resisted compression better
at high temperatures when softening occurred. Compression occurs at a steady speed up
to approximately 1020 ◦C, and after that, compression continues with a higher speed. At
this transition point, wüstite starts to reduce to metallic iron, which can be deduced from
the reduction curves in Figure 5.
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After the reduction-softening experiments, the samples were photographed (see
Figure 9). The orientation in the image is similar to the orientation in the test device;
thus, the reducing gases have gone through the burden from bottom to top. The top part
in the 10–12.7 mm pellets shows the most softened structure because of the highest final
temperature attained in the test.
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Cross sections of the ARUL samples are shown in Figure 10. The orientation in the
image is similar to the orientation in the test device. Light grey depicts metallic iron, and
dark grey depicts wüstite or macropores. Wüstite seems to be the predominant phase
of iron after the reduction-softening test, and partly reduced (wüstite) areas are located
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practically at the core of the pellets, indicating topochemical reduction from the periphery
towards the core of individual pellets. Pellet cross sections also showed that the highest
proportion of metallic iron was formed in the 10–12.7 mm pellets.
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Figure 10. Digital images of cross sections of the samples after the reduction-softening tests. The
final temperatures of the tests were 1173 ◦C, 1227 ◦C, 1179 ◦C and 1175 ◦C for pellets sized 8–10 mm,
10–12.7 mm, 12.7–16 mm and 16–20 mm, respectively.

However, some differences in the reduction and compression behaviours of the
different-sized pellets can be seen in the cross-sectioned samples in Figure 10. The pellets
sized 16–20 mm show topochemical reduction from the pellet periphery towards the core in
both the bottom and the top part of the softened sample because of high voidage between
pellets side by side. It seems that the extent of reduction is nearly the same in the bottom
and the top part of the pellet sample. Instead, the bottom part of the pellets sized 8–10 mm
is visually reduced to a greater extent compared to the top part of the sample. This is due to
lower voidage between the pellets side by side, decreasing the burden permeability. Pellet
samples sized 10–12.7 mm compressed the most due to the highest final temperature in
the reduction-softening test. This also means that individual pellets are flattened the most,
and there is little or no voidage visible in the softened pellet samples after the reduction-
softening tests. The voidage between the pellets side by side in the sample cylinder is
linked to the initial weight of the pellet sample in the reduction-softening test. The initial
weight in the reduction-softening test increased as the pellet size decreased because of a
denser packing and a minor wall effect. The phenomenon of the wall or floor of a container
affecting the packing structure of spherical particles is called the wall effect [33]. Because of
this, the packing structure and local voidage are different near the walls compared to the
centre of the container. Despite the more unfavourable ratio between sample weight and
total gas flow rate, pellets sized 10–12.7 mm reduced to a significantly greater reduction
degree compared to the larger pellets.

The ARUL samples were studied with FESEM-EDS to obtain information about mi-
crostructure and phase composition after softening. The investigation area was limited to
the poorly reduced area at the top of the pellet cake, in which a lot of wüstite remained.
This choice was made because a previous study by Kemppainen et al. [13] indicated that
the softening of iron ore pellets is caused by the softening of the pellet core, where wüstite
is the dominant phase of iron. Figure 11 shows an FESEM-EDS mapping of elements of



Metals 2022, 12, 302 13 of 19

the softened pellets. The example analysis was carried out for pellets sized 10–12.7 mm.
White-coloured grains in the FESEM image are metallic iron droplets; light grey, round-
shaped grains are wüstite; and a dark grey colour between the wüstite grains presents the
slag phase. Microscopic study verified that MgO exists mainly in the silicate phase (slag)
between wüstite grains and is also partly dissolved in the wüstite.
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Average compositions for the wüstite and the slag calculated from the point analyses
are shown in Tables 4 and 5, respectively. The phase compositions were normalised to
100%. Other components include CaO, Al2O3 and SiO2 in the wüstite, and CaO and Al2O3
in the slag, and their total amount was less than 1.0 wt.% in each point analysis. More
MgO is dissolved to the wüstite in the 10–12.7 mm pellets (1.0 wt.%) compared to the
other pellet sizes (0.0–0.2 wt.%), increasing the melting point of the (magnesio)wüstite [34].
Simultaneously, pellets sized 10–12.7 mm show a remarkably higher MgO content in the
slag (9.5 wt.%) compared to the other pellet sizes (6.0–6.5 wt.%), increasing the liquidus
temperature of the slag [34]. These microscopic observations are in accordance with the
experimental results, as pellets sized 10–12.7 mm showed the highest final temperature
in the reduction-softening test (1227 ◦C vs. 1173–1179 ◦C) and the highest final reduction
degree (61.8% vs. 51.6–52.4%). The higher the reduction degree, the higher MgO contents
are assumed in the slag and wüstite because MgO does not dissolve in metallic iron.
Additionally, the higher the final temperature, the more time the magnesite grains (which
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are the source for MgO in the pellets) have to react with the slag and wüstite, resulting in a
higher MgO content in the slag and wüstite phases. A high softening temperature and a
high reduction degree at the cohesive zone are favourable for BF operation, indicating less
direct reduction occurring in the blast furnace hearth and a lower need for reducing agents
in the process.

Table 4. Average compositions (in wt.%) for wüstite after the reduction-softening tests for different-
sized pellets.

Size Fraction MgO FeO Others

8–10 mm 0.0 100.0 0.0
10–12.7 mm 1.0 98.6 0.4
12.7–16 mm 0.2 99.7 0.1
16–20 mm 0.1 99.7 0.2

Table 5. Average compositions (in wt.%) for slag after the reduction-softening tests for different-
sized pellets.

Size Fraction MgO FeO SiO2 Others

8–10 mm 6.0 62.8 30.3 0.9
10–12.7 mm 9.5 59.2 31.0 0.3
12.7–16 mm 6.5 62.9 30.2 0.4
16–20 mm 6.5 63.0 30.3 0.2

3.4. Cold Crushing Strength

In a blast furnace operation, CCS must be at a sufficient level to withstand the pressure
of the burden in the BF shaft. An acceptable reported level for the CCS value of pellets
used in the blast furnace varies in literature from 150 daN [4] to 200–230 daN [5,35,36].
Furthermore, Geerdes et al. [4] point out that a slightly lower average compressive strength
has no drawback for the blast furnace process as long as it is not caused by an increased
percentage of very weak pellets (<60 daN).

Numerical values of the CCS tests are depicted in Table 6. The average cold crushing
strength increased from 118 daN to 211 daN as the particle size increased from 8–10 mm
to 12.7–16 mm and stayed at the highest level with the 16–20 mm pellets. This result is
not in accordance with the studies by Umadevi et al. [3] and Dwarapudi et al. [7], both of
which reported similar CCS values for 8–10 mm pellets compared to 10–12.5 mm pellets
and a decrease in CCS in pellets larger than 12.5 mm. The reason for the lower CCS value
with large pellets compared to smaller ones is explained in both studies by the dualistic
structure, including hematite in the shell and magnetite in the core, which causes severe
lattice and bond strains, as well as concentric cracks. This dualistic structure was visible in
12.5–16 mm and +16 mm pellets, where the divalent iron content in the pellets was 3.0 wt.%
at the maximum. Those pellets studied here have a lower divalent iron content of 0.6 wt.%
at the maximum, indicating a lower proportion of magnetite in the core; hence, the dualistic
magnetite/hematite structure was not that strong.

Table 6. Numerical values of the CCS tests.

Index 8–10 mm 10–12.7 mm 12.7–16 mm 16–20 mm

Average [daN] 118 171 211 211
Standard deviation [daN] 53.7 85.8 92.1 76.4

Proportion of <150 daN [wt.%] 78 40 32 24
Proportion of <60 daN [wt.%] 16 4 4 2

Cumulative CCS distribution curves and CCS histograms for different-sized pellets
are presented in Figures 12 and 13, respectively. As pellet size increased from 8–10 mm
to 16–20 mm, the proportion of weak pellets (<150 daN) and very weak pellets (<60 daN)
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decreased by 69% and 88%, respectively. A proportion of 78 wt.% of pellets sized 8–10 mm
had a CCS value lower than 150 daN, and similarly, they showed an increased percentage
(16 wt.%) of very weak pellets (<60 daN). Almost all pellets sized −10 mm were classified
as weak (<150 daN). From the batch of pellets studied, pellets sized −10 mm (a total of
7.5 wt.% of the pellet sample) were found capable of causing operational difficulties due to
their low cold crushing strength.
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3.5. Low-Temperature Reduction-Disintegration

LTD values for different-sized pellets are shown in Table 7. Low-temperature reduction-
disintegration decreased from 80.7% to 47.9% as pellet size increased from 8–10 mm to
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16–20 mm, indicating better resistance against reduction-disintegration for smaller pellets
in the upper BF shaft area.

Table 7. LTD values for different-sized pellets.

Index 8–10 mm 10–12.7 mm 12.7–16 mm 16–20 mm

Proportion of >6.3 mm [wt.%] 80.7 67.9 50.6 47.9

In the LTD test, more fines were generated as the particle size increased. One can see
in Table 1 that the divalent iron content is slightly higher in the large pellets compared to
the small pellets, and this indicates a larger magnetite nucleus in the pellet core. Small
pellets have either a small magnetite nucleus or no magnetite nucleus at all. In our earlier
study [8], the boundary between the magnetite nucleus and the hematite shell was shown
to be weak and vulnerable to cracking. The dualistic pellet structure might explain why
more fines were formed in large pellets compared to smaller ones in the LTD test.

Instead of the LTD test, Dwarapudi et al. [7] and Umadevi et al. [3] carried out the
reduction-disintegration (RDI) test on pellets, which is a metallurgical test similar to the
LTD test, but tumbling is carried out after reduction in the RDI test, when in turn the
sample is reduced in a rotating tube in the LTD test. Umadevi et al. [3] noticed an increase
in RDI−6.3 and RDI−0.5 values with an increase in pellet size. Superior RDI was found
with pellets sized 8–10 mm and 10–12.5 mm. This was explained by better distribution of
the slag phase in small pellets. Similarly, Dwarapudi et al. [7] reported superior RDI for
pellets under 12.5 mm in size, and this could be attributed to a large amount and better
distribution of silicate melt.

3.6. Implications for Material Testing and Industrial Relevance

Operational conditions in induration furnaces greatly affect the metallurgical proper-
ties (including reducibility, softening, CCS and LTD) of the produced pellets. The operation
of induration furnaces must be optimised to produce good-quality pellets with a certain size
distribution, and it is hardly impossible to simultaneously produce both small and large
pellets of superior quality. Therefore, it is favourable that the target pellet size distribution
is narrow enough. This also means that if the target pellet size distribution is altered, firing
conditions (i.e., temperature) must be also adjusted.

There are a variety of standard tests for characterising the metallurgical properties
of iron ore materials for use in blast furnaces. Standards give an accurate and simplified
procedure concerning how the material indices are determined. According to the interna-
tional ISO standards, which are commonly used to measure the metallurgical properties of
iron ore pellets, the size range of the pellets should be certain. The ISO standards prefer
the size range of 10–12.5 mm for pellets when determining reducibility [20,37], reduction
under load [22], crushing strength [30] and RDI [38,39] but provide two optional size ranges
(12.5–16.0 mm or 10.0–12.5 mm) when testing LTD [31].

Based on the implications drawn from this study, the particle size of pellets markedly
affects their behaviour in metallurgical tests. Hence, these tests should be done with a
certain size range to be able to obtain comparable results. This also means that if, for some
reason, a metallurgical property is determined for two or more different pellet qualities
with different-sized pellets, the experimental results are not comparable to each other.

Among the samples studied, pellets sized 10–12.7 mm showed the highest metal-
lurgical properties, on average, when compared to other sizes of pellets between 8 and
20 mm. Therefore, the proportion of 10–12.7 mm should be maximised in blast furnace
operations to achieve superior reducibility and softening behaviour. This main conclusion
is in accordance with two earlier studies [3,7], which concluded that pellets in the range of
8–12.5 mm showed good chemical, physical and metallurgical properties [3] and that the
proportion of pellets over 12.5 mm should be minimised [7].
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4. Conclusions

In this study, the effect of pellet size on the metallurgical properties of magnesia iron
ore pellets was investigated. Reduction and softening behaviour, cold crushing strength
and low-temperature reduction-disintegration were determined separately for pellets sized
8–10 mm, 10–12.7 mm, 12.7–16 mm, and 16–20 mm. The results obtained in this study are
summarised as follows:

1. Reducibility under unconstrained conditions decreased as pellet size increased. This
is due to the topochemical reduction from the pellet periphery towards the core.
However, the difference between 8–10 mm and 10–12.7 mm pellets was not significant.

2. Pellets sized 10–12.7 mm reached the highest final temperature and the highest reduc-
tion degree in the ARUL reduction-softening test. The highest proportions of MgO in
the silicate slag and in the wüstite were verified with FESEM-EDS in the 10–12.7 mm
size, increasing the softening temperature of the pellets. A higher reduction degree in
the cohesive zone indicates less direct reduction occurring in the blast furnace hearth
and a lower need for reducing agents in the process.

3. Cold crushing strength increased, on average, as pellet size increased. Simultaneously,
the proportion of weak pellets (<150 daN) and very weak pellets (<60 daN) decreased,
which is favourable in a blast furnace operation. Almost all pellets sized −10 mm
were classified as weak.

4. Small pellets showed better resistance against reduction-disintegration compared to
large pellets in the LTD test. LTD values were very low for +12.7 mm pellets. High
resistance against reduction-disintegration in the upper BF shaft is favourable in a
blast furnace operation.

5. No abnormal swelling was detected in any of the size fractions of pellets during
non-isothermal reduction up to 1100 ◦C.

6. Among the samples studied, pellets sized 10–12.7 mm had the highest metallurgical
properties, on average. Therefore, a pellet batch should consist of pellets in that size
range as much as possible for a smooth and efficient blast furnace operation.

7. To conclude, pellet size influences metallurgical properties of iron ore pellets, and
is therefore of the utmost importance to standardise particle size when comparing
metallurgical properties among different pellet qualities.
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