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Abstract: Modern blast furnaces with extensive operational volume demand better-quality iron
agglomerates as feed for stable operation. Sinter is the principal feed used in blast furnaces across
Asia. Liquid generated during the sintering process plays an essential role in the coalescence of the
sinter blend and in sinter quality. Therefore, an estimation of liquid properties at peak bed conditions
during sintering helps manage sintering liquid behaviour, leading to better control of final sinter
properties. In this study, three different iron sinters were reheated to sinter bed conditions, followed by
quenching. Electron probe X-ray microanalysis (EPMA) was used to identify the resultant phases and
quantify their chemical compositions. The impact of sinter bulk compositions was analysed, especially
on sintering liquid properties. Furthermore, experiments were conducted to study the softening
and melting behaviour of the sinters, and the cohesive range of the sinters was identified. Finally,
the effect of the sinter bulk compositions on sintering liquid properties and softening behaviour
is detailed.

Keywords: sinter; sintering liquid; EPMA; sinter softening behaviour

1. Introduction

Steel is an important alloy used in our daily lives, spanning households to space
technology. The predominant means of steel production are through basic oxygen furnaces
(BOF). The blast furnace route produces the principal amount of the total hot metal used
as raw material in BOF [1]. Efficient blast furnaces with extensive operational volume
are competitive, mainly because of the economies of scale, operational continuity, and no
colossal electricity consumption. Moreover, as the blast furnaces are becoming taller and
broader with increased operating volume, the demand for good quality feed withstanding
the harsh environment inside the blast furnace is rising, leading to increased adoption
of agglomeration techniques for preparing blast furnace feed [2]. Agglomerates, such as
sinters and pellets, have become significant, mainly due to their mechanical reliability and
suitability for large-scale production [1,2].

Despite its competitive operation, the blast furnace unit is the foremost contributor
of CO2 equivalent emissions in a steel plant. Therefore, in addition to pulverised coal
injection and other techniques to increase the ore/coke ratio, there is also a significant effort
to control the slag volume. As sinters are the predominant feed for blast furnaces across
Asia, sinters generating low-FeO containing slags on reduction are increasingly preferred
so as to have a higher softening start temperature and a narrow cohesive zone, and slags
containing low-FeO and higher basicity have reduced adhesion to the iron surface, leading
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to the latter’s increased carburisation. In addition, the increased gangue content in sinters
increases the melt-down temperature, expanding the cohesive zone [3].

To achieve lower slag content, when Al2O3 content and FeO content were reduced
in sinters, an improvement in shaft efficiency of the blast furnace was observed using a
blast furnace inner reaction simulator [4]. Here, the silica content was also reduced to
compensate for the excess melt generated during sintering due to the reduced alumina
content. The silica content is vital in melt/liquid formation during sintering. The increase
in silica content helps reduce the liquid formation temperature and thereby increases the
amount of liquid formed when the peak sinter bed temperature is reached [5,6]. However,
higher silica content increases the FeO content in the final sinter as more of 2FeO.SiO2
is formed, blocking FeO reoxidation [7]. The challenge for sinter plants is to produce
low-silica and low-FeO sinters without compromising final sinter properties. Reduction
properties of the sinter can be improved by controlling the liquid formation during sintering
as the sintering liquid not only agglomerates the blend but also plays an essential role
in sinter mineralogy and pore structure [4]; better control of sintering liquid properties
helps the sinter plants to produce high-quality sinters, even when using economic and
low-grade ores.

Before preparing the above-mentioned new sinters, the behaviour of current sinters
with respect to their bulk compositions needs to be assessed, especially, the amount of
sintering liquid generated at peak bed conditions should be estimated. The research
published so far primarily focused on the impact of sinter blend properties on final sinter
properties using micro-sintering experiments. There are only a few publications on liquid
formation during sintering [8–12], however, the details regarding the sintering liquid
properties published so far were qualitative, focusing on changes in height or the cross-
sectional area of the sintered sample upon temperature variance to calculate the liquid
properties. The data regarding these phases and phase compositions present at peak bed
conditions were simulated using FactSage [6,12,13].

The current study obtained three sinters with a stable blast furnace operation from
a steel plant. These sinters were reheated to peak sinter bed conditions in a tube furnace,
followed by quenching to analyse the phases and phase compositions present and calcu-
late the sintering liquid properties. Apart from sintering liquid properties, assessing the
softening and melting behaviour of the above sinters is also needed to ascertain or judge
the new sinter behaviour in the blast furnace, as sinters with very high reducibility tend
to coagulate, leading to increased melting temperatures [14]. Therefore, the softening and
melting experiments of the three sinters were conducted, and the softening start and end
temperatures and the melting temperature were calculated based on the displacement
changes in the sandwich bed with the rise in temperature [15]. This study helps understand
the effect of sinter bulk compositions on sintering liquid generated at peak bed conditions.
Understanding and controlling sintering liquid properties help control the required final
sinter compositions. In addition, analyses of softening and melting behaviour of the current
sinters with stable blast furnace operation help determine or adjust the feed-ratio and
operational conditions of the blast furnace to prevent coagulation and have a permeable
cohesive layer while using new sinters generating low-slag volume.

2. Materials and Methods
2.1. Reheating of Sinters

The sinters were reheated to peak sinter bed conditions in a vertical tube furnace
heated by LaCrO3 elements. The temperature in the pre-determined hot zone of the furnace
was relatively stable, with a variation of less than 2 K (2 ◦C). The details of the tube
furnace, including a schematic diagram, are shown elsewhere [16]. Based on industry data,
the peak sintering temperature was set to 1300 ◦C, and the oxygen partial pressure was
maintained at approximately 0.01 atm by passing pure argon mixed with 1% O2 gas for
the reheating experiments. Sinters used in these experiments were sourced from different
sinter plants. The sinter samples were named S1, S2, and S3. In sinters, ferrous iron content
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was determined by titration, and the rest of the compositions were determined by X-ray
fluorescence. Fe2O3 was calculated by removing ferrous iron from total iron. The significant
compositions were normalised and detailed in Table 1.

Table 1. Sinter samples used in the present study along with their bulk compositions.

Sinter
Composition (wt.%)

Fe2O3 FeO CaO SiO2 Al2O3 MgO

S1 74.7 7.8 9.0 5.0 1.9 1.6

S2 72.3 8.4 10.6 5.4 1.8 1.5

S3 67.8 8.6 12.6 6.8 2.2 2.0

The sinter samples were powdered and mixed using mortar and pestle for uniformity,
and then the powder was pressed into pellets around 5 × 5 × 5 mm3 by applying pressure.
Next, the sample was placed in a basket made of Kanthal wire and raised to the hot zone of
the furnace. The sinters were held in the hot zone at a temperature of 1300 ◦C for 10 min
and then quenched directly into the water container by displacing the removable glass end
at the bottom of the tube furnace. After drying, the quenched sample was mounted with
epoxy resin and then polished and carbon-coated for electron probe X-ray microanalysis
(EPMA). To further understand the sintering liquid behaviour, the peak temperature was
varied from 1250 ◦C to 1350 ◦C, and the holding time was varied from 10 min to 60 min for
sinter S2.

2.2. Sinter Softening Experiments

The softening experiments were carried out by applying a specific load on the bed
under controlled atmospheres in a Pyrox furnace with LaCrO3 heating elements, which
is shown in Figure 1. The quantifying of the softening behaviours were determined by
the bed contraction rate, which is the ratio of the sample bed thickness on heating to its
original thickness [15]. The load was selected to be 1 kg/cm2, and a gas mixture of Ar and
CO (30% CO + 70% Ar) was used. The samples were heated at a constant ramping rate of
300 ◦C per hour, with isothermal holding at 950 ◦C for 10 min to simulate the blast furnace
thermal reserve zone.

The furnace tube and the upper chamber were sealed in a gas-tight condition.
Two independent gas flow circuits were used to suppress heat transfer and protect the laser
displacement sensor in the upper chamber from high temperatures. A graphite crucible
with holes drilled in the bottom was placed on a supporting alumina platform. An alumina
tube was used to support the crucible to be located within the hot zone of the furnace, and
a B-type thermocouple was inserted into the tube to monitor the temperature continuously.

Within the graphite crucible, the sandwich bed structure comprised two layers of 2 cm
coke at the bottom and top, with 4 cm iron ore samples in the middle. The displacement
changes to the sandwich bed (sample bed) were recorded with the help of the laser. The
laser displacement sensor was fixed on a movable platform in the upper chamber. The
change in sample bed height containing only coke that was 4 cm thick coke layer without
any iron feeds was considered as the baseline curve for the softening experiments.

2.3. Characterization

The sinter phase and composition were characterised using a JXA 8200 electron probe
X-ray microanalyser (EPMA) (from Japan Electron Optics Ltd., Tokyo, Japan) with wave-
length dispersive detectors (WDD). An accelerating voltage of 15 kV and probe current
of 15 nA was used. The standards used are hematite (Fe2O3), wollastonite (CaSiO3), and
spinel (MgAl2O4). The measurement time for Fe was 60 s on peak and 15 s on background,
and other elements (Ca, Si, Mg, Al) were measured for 40 s on peak and 10 s on background.
Metal cation measurements were adjusted to selected oxidation states. Under experimental
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conditions in this study, there may be both Fe2+ and Fe3+ present in the samples, but all
iron concentrations are univocally presented as Fe3+ for a clear-cut explanation.

Figure 1. Schematic diagram of Pyrox furnace used for softening and melting test along with the
sandwich bed containing coke and sinters, and laser displacement sensor.

3. Results & Discussion
3.1. Reheated and Quenched Sinter Analysis
3.1.1. Analysis of Phases and Phase Composition of the Three Sinters

Phase compositions were assessed at 80 points for each phase in the reheated and
quenched sample. The average composition of each phase is presented in Table 2. Typical
microstructures of the reheated sinter samples quenched from 1300 ◦C are shown in Figure 2.
The two phases present at the peak temperature are indicated, where ‘L’ is the liquid phase,
and ‘H’ is hematite. We could see that a more liquid phase appears from S1 to S3 because of
more SiO2 and CaO content in the sinter composition. The compositions of the liquid phase
and hematite are presented in Table 2. There is no silica content present in the hematite.
The phase proportions are calculated as per Equation (1); the liquid basicity is the ratio of
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CaO/SiO2, and the viscosity of the liquid at 1300 ◦C is estimated by FactSage 7.3, based on
liquid compositions from EPMA, and is included in Table 2.

Liquidphaseproportion =
Silicacontentinsinterbulk

Silicacontentinsinterliquid
× 100% (1)

Table 2. Phases and phase compositions present upon reheating the three sinters at 1300 ◦C for
10 min and Po2 of 0.01 atm, followed by quenching and EPMA.

Composition (wt.%)

Sinter Phase Fe2O3 CaO SiO2 Al2O3 MgO Phase Proportion (%) Liquid Basicity Viscosity (Poise)

S1
Sintering liquid 38.4 31.3 28.9 1.3 0.1 17.3 1.1 2.43

Hematite 96 2.2 0 1.4 0.4 82.7 N/A N/A

S2
Sintering liquid 49.7 31.9 14.8 3.3 0.3 36.5 2.2 1.03

Hematite 95.7 2.3 0 1.6 0.4 63.5 N/A N/A

S3
Sintering liquid 49.7 32.7 13.5 3.7 0.4 50.4 2.4 0.99

Hematite 94.9 2.6 0 1.7 0.8 49.6 N/A N/A

Figure 2. Microstructural BSE images of various reheated sinters quenched from 1300 ◦C. Microstruc-
ture (A) S1, (B) S2, and (C) S3. All samples comprise the hematite (H) and liquid phase (L).

The sintering liquid basicity and liquid proportion increased, and the liquid viscosity
decreased from S1 to S3, as shown in Figure 3. In comparison to the bulk properties of the
three sinters, the sinter basicity increased from S1 to S2 and then decreased, whereas the
silica content and ferrous iron content increased from sinters S1 to S3. The rise in silica, FeO,
and the lowering of alumina in sinter bulk (compositions detailed in Table 1) contributed
to a more than doubling of liquid proportion from S1 to S2. Despite the rise in alumina
content from S2 to S3, the significant increase in silica content contributed to the rise in
liquid proportion from S2 to S3.

3.1.2. Effect of Peak Temperature

Experiments were carried out to analyse the impact of variation of the peak operating
temperature on sinter liquid. The microstructures of reheated S2 samples are presented in
Figure 4. The phases present and their compositions upon reheating and quenching are
shown in Table 3.
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Figure 3. Sintering liquid properties of the three sinters upon reheating and quenching with respect
to sinter bulk compositions.

Figure 4. Microstructural BSE images of reheated sinter ‘S2’ at varied peak temperatures. (a) 1250 ◦C,
(b) 1300 ◦C, and (c) 1350 ◦C.
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Table 3. Phases and phase compositions present in sinter ‘S2’ upon reheating at 1250 ◦C, 1300 ◦C,
and 1350 ◦C, followed by quenching and EPMA.

Composition of Liquid (wt.%)

Peak
Temperature (◦C)

Holding
Time (min) Phase Fe2O3 CaO SiO2 Al2O3 MgO Phase

Proportion (wt.%)
Liquid

Basicity
Viscosity
(Poise)

1250 10
Sintering

liquid 44.3 32.0 20.5 3.2 0.1 26.4 1.6 1.90

Hematite 97.4 1.1 0.0 1.3 0.2 73.6 N/A N/A

1300 10
Sintering

liquid 49.7 31.9 14.8 3.3 0.3 36.5 2.2 1.03

Hematite 95.7 2.3 0 1.6 0.4 63.5 N/A N/A

1350 10
Sintering

liquid 51.2 31.8 13.2 3.7 0.2 41.0 2.4 0.74

Hematite 94.0 2.9 0.0 1.4 1.6 59.0 N/A N/A

Figure 4 shows the presence of sintering liquid and hematite upon reheating and
quenching at 1250 ◦C, 1300 ◦C, and 1350 ◦C. The microstructures show an increase in the
liquid phase and further deformation of hematite with the temperature rise. Analyses of
liquid and hematite compositions in Table 3 show the increase of Fe2O3 in sinter liquid and
a decrease of hematite with a temperature rise from 1250 to 1350 ◦C. In contrast, the SiO2
amount decreased in the liquid phase with the temperature rise. Therefore, the calculated
liquid proportion and liquid basicity increased as the temperature increased, whereas the
liquid viscosity decreased, as shown in Figure 5. This varied peak temperature and liquid
proportion estimation help control the liquid proportion while preparing the low-silica and
low-FeO sinters.

Figure 5. Variation of sinter liquid properties with varied reheating temperatures.
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3.1.3. Effect of Holding Time

Experiments were carried out to analyse the impact of varied holding times on sinter
liquid. The microstructures of reheated and quenched S2 samples are presented in Figure 6.
The phases present and their compositions are shown in Table 4.

Figure 6. Microstructural BSE images of reheated S2 sinters at different holding times. (a) 10 min,
and (b) 60 min.

Table 4. Phases present and phase compositions in sinter ‘S2’ upon reheating for two different
holding times of 10 min and 60 min at 1300 ◦C.

Composition of Liquid (wt.%)

Peak
Temperature (◦C)

Holding
Time (min) Phase Fe2O3 CaO SiO2 Al2O3 MgO Phase

Proportion (wt.%)
Liquid

Basicity
Viscosity
(Poise)

1300 10
Sintering

liquid 49.7 31.9 14.8 3.3 0.3 36.5 2.2 1.03

Hematite 95.7 2.3 0 1.6 0.4 63.5 N/A N/A

1300 60
Sintering

liquid 49.0 32.0 15.8 3.1 0.1 34.3 2.0 1.07

Hematite 96.1 2.2 0.0 1.2 0.5 65.7 N/A N/A

On varying the holding time from 10 min to 60 min at 1300 ◦C, while the liquid
viscosity increased from 1.03 poise to 1.07 poise, which is a minor change, the Fe2O3 content
decreased from 49.7% to 49% in the liquid phase, and the liquid basicity decreased from
2.2 to 2.0. The variation with increased holding time on liquid properties is very minimal,
showing the sample was in near equilibrium for a holding time of 10 min at 1300 ◦C.

3.2. Softening Behaviour of Sinters

As the temperature increased, the sample bed initially expanded during the softening
tests, and then there was a continuous contraction. The present study defines the tem-
perature at 0% displacement contraction as the softening starting temperature (Ts). At
40% displacement contraction, the temperature is defined as the softening ending tem-
perature (Te). Finally, the temperature at 100% displacement contraction is defined as the
melting temperature (Tm) [15]. The softening and melting temperatures are represented in
Graph A in Figure 7 by considering the S1 curve. The three sinters’ and coke’s displacement
contraction curves are shown in Graph B in Figure 7.
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Figure 7. Graph (A) indicates the softening and melting temperature at the respective displacement
percentage for sinter S1. Graph (B) shows the sinter softening and melting behaviour with initial
expansion followed by continuous contraction for the three sinters, S1, S2 and S3.

The softening temperature range is the difference between the softening ending temper-
ature and softening starting temperature (Te-Ts). The cohesive zone range is the difference
between the melting and softening starting temperatures (Tm-Ts). Therefore, as the sample
expands and then contracts back to the initial position, then the temperatures of Ts followed
by Te and Tm are calculated at the corresponding displacement percentage. The softening
and cohesive range for the three different sinters are detailed in Table 5.

Table 5. Softening and melting temperatures of the sinters S1, S2, and S3 along with softening and
cohesive range.

Sample
Softening Starting

Temperature
(Ts, ◦C)

Softening
Ending

Temperature
(Te, ◦C)

Melting
Temperature

(Tm, ◦C)

Softening
Temperature Range

(Te-Ts, ◦C)

Cohesive Range
(Tm-Ts, ◦C)

S1 1205 1333 1479 128 274

S2 1209 1335 1527 126 318

S3 1178 1334 1518 128 340

The sinters should have a higher softening starting temperature and a lower melting
temperature, resulting in a narrow cohesive zone for the efficient functioning of the blast
furnace. Although the three sinters are currently used as blast furnace feed, on conducting
the softening and melting experiments and measuring the cohesive range among these
sinters, S1 has the narrowest cohesive range, while S3 has the broadest. In addition, S3,
the sinter with the highest FeO content and silica content among the three sinters, has the
lowest softening start temperature and the highest melting temperature.

3.3. Correlation of Sinter Liquid Properties to Sinter Softening Properties

Understanding sinter bulk compositions on sinter softening behaviour is essential in
preparing sinters with higher softening start temperature, low-FeO containing slags on
reduction, and a narrow cohesive zone. In addition, the estimation of phases present and
phase compositions at peak sinter bed conditions is vital, as the sintering liquid phase
properties play a crucial role in the final sinter morphology. Once the sintering liquid
properties were determined by reheating and quenching the sinters, it was followed by
the sinters’ softening and melting behaviour analyses. Finally, the impact of sinter bulk
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compositions and gangue content ((CaO + MgO + SiO2 + Al2O3)/TFe) [3] on sinter cohesive
zone behaviour was analysed and correlated to the sinter liquid behaviour in Figure 8.

Figure 8. Correlation of sintering liquid proportion and sinters gangue content with the sinters
cohesive range.

The liquid proportion, gangue content, and cohesive range have increased from S1 to
S3. Though the rise in gangue content from S1 to S2 was lower compared to the increase
from S2 to S3, as shown in Figure 8, the liquid phase proportion more than doubled from S1
to S2, and the increased silica, calcia, and FeO contents along with decreased alumina in the
sintered bulk, as detailed in Table 1, contributed to this. Despite an increase in the softening
starting point from S1 to S2, as shown in Table 5, the significant rise in liquid proportion
might have led to an increased glass phase in the sinters, resulting in the generation of
viscous slags containing higher FeO, causing coagulation, and therefore leading to an
increase in the melting point of S2. Additional increases in silica, calcia, and FeO contents in
S3 showed a further rise in the liquid phase proportion. In S3, the liquid phase proportion
was nearly 50% at the peak temperature of 1300 ◦C. It is far beyond the optimal liquid phase
required; this resulted in a lower softening starting temperature and further broadening of
the cohesive range from S2 to S3. This correlation shows the necessity of controlling the
sintering liquid behaviour to achieve better sinter properties.

4. Conclusions

The sinters’ reheating and quenching experiments determined the phases and phase
compositions present at the peak sinter bed conditions. The liquid basicity and the liquid
proportion increased with an increase in silica content in sinter bulk. Apart from that, the
liquid phase proportion increased on increasing the peak operational temperature.

As the gangue content increases in the sinters, broadening/widening of the cohesive
range is observed, detrimental to blast furnace efficacy. This suggests that though an
optimal liquid phase is needed to bind the blend, the excess liquid raises the gangue content



Metals 2022, 12, 885 11 of 11

in sinters, resulting in high-FeO containing slags on reduction, apart from increasing the
glass phase and increased sinter returns generation.

This research is a primary step in exploring the relationship between sintering liquid
properties, sinter bulk properties, and softening properties. This study helps better under-
stand the sintering liquid behaviour at peak temperature, which impacts the final sinter
morphology, thereby the reduction behaviour of the sinters.
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