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The blast furnace cohesive zone plays an important role in the gas flow distribution and
heat-transfer efficiency. Previous work mainly employed temperature-based indices to evaluate
and predict the shape and thickness of the cohesive zone, whereas the internal reactions and
related effects on the softening and melting properties of a complex burden are ignored. In this
study, an innovative index, namely, shrinkage rate (SR), is first proposed to directly estimate the
shrinkage behavior of wustite (FeO)-packed bed inside a simulated cohesive zone. The index is
applied as the temperature increases to elucidate the transient interaction between reduction and
slagging reactions. Results show that the thermally induced slagging reaction causes the packed
bed to shrink at lower temperature, and the SR doubles when compounds with low melting
temperature are generated by adding a reasonable concentration of CaO or SiO2. The reduction
reaction becomes the driving force during the shrinkage of the packed bed between 1173 K and
1273 K when CO is introduced in the mixture gas. Then, the dominating factors for further
shrinkage include slagging, reduction, or both factors. These factors vary with respect to the
added compounds or temperature.
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I. INTRODUCTION

THE blast furnace cohesive zone serves as a transi-
tion region between the upper lump zone and lower
dripping zone. This zone directly determines the sec-
ondary distribution of the gas flow and the heat transfer
inside a high-temperature region.[1] Thus, understanding
the structure and the formation mechanism of the
cohesive zone is highly important for the smooth
operation and low carbon emission of a blast furnace.

The position and thickness of the cohesive zone is
principally dependent on the softening and melting
properties of its iron-bearing burden.[2,3] Sinter, pellet,
lump ore, and other raw materials have been employed
to investigate the softening and melting behavior,[4–8]

and various indices have been proposed to evaluate the
effects of the added compounds on the formation of the
cohesive zone.[9–12] For example, Al2O3 was found to
have priority over MgO to enter into a slag, and the
latter mainly existed in the FeO-MgO solid solution.[13]

Thus, the softening temperature decreased, and the bed
permeability deteriorated.[4] By contrast, further
increase in MgO concentration increased the softening
temperature and the liquidus temperature of the slag.[5]

The general increase in the softening and melting
interval not only increased the thickness of the cohesive
zone but also moved its position downward. However,
several works did not show that MgO greatly affected
the softening properties of an iron-bearing burden.[6,7]

The softening, melting, and permeability of CaO-FeO-
SiO2 ternary mixture were also investigated.[8]

The gaseous reduction of iron oxides has been studied
based on thermodynamic and kinetics.[9–14] However,
most experiments have been performed below
1400 K.[15–17] Wang et al. found that the replacement
of N2 by CO significantly increased the reduction rate at
1673 K.[18] Thus, the gaseous reduction of iron oxide by
CO in the blast furnace cohesive zone could not be
neglected. Moreover, Inoue et al. found that the wustite
(FeO) reduction rate constant increased when 0.5 pct of
CaO in mass fraction was added.[19] FeO doped with
SiO2 was also found to promote the reduction rate at
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high temperature. This phenomenon was due to the
larger pores and the less-dense metal, but the reduction
process was retarded when the temperature was below
1000 K.[20,21] Hayashi et al. found that FeO reduction
was extremely suppressed by Al2O3 or SiO2 because of
the formation of dense iron, while the simultaneous
dissolution of Al2O3 and SiO2 accelerated FeO
reduction.[22]

Hence, although slagging and reduction reactions
under simulated blast furnace cohesive zone conditions
have been widely studied, several viewpoints are worthy
of further exploration. For example, when an iron-bear-
ing burden moves close to the cohesive zone of a blast
furnace, the iron oxide is almost reduced to FeO by
indirect reduction. At the same time, the gangue, which
consists of CaO, SiO2, MgO, and Al2O3, is likely to form
a slag phase with FeO as the temperature increases. FeO
can be further reduced to metallic iron or can form a
slag with the gangue (Figure 1). Thus, exploring the
interaction between reduction and slagging reactions in
the cohesive zone formation is intriguing. Moreover,
although the use of transient temperature-based indices
to evaluate the structure of the cohesive zone have been
recommended based on previous softening and melting
experiments, the actual temperature distribution inside a

blast furnace is very difficult to measure. Thus, the
thickness of the cohesive zone cannot be predicted
directly.
In the present study, a new parameter, namely the

shrinkage rate (SR), is defined and applied to quanti-
tatively determine the changes in the thickness of the
cohesive zone. Then, the transient interactions between
the reduction and slagging reactions with respect to
temperature are investigated by simulating the cohesive
zone conditions. These interactions are further discussed
based on the binary slag composition.

II. EXPERIMENTAL PREPARATION,
APPARATUS, AND CONDITIONS

A. Sample Preparation

The preparation of FeO and binary mixture samples
are schematically demonstrated in Figure 2. For the
FeO samples, the ferrous oxalate powders
(FeC2O4Æ2H2O, 99.9 pct, < 200 lm) are first pressed
into a cake under the load of 10 kPa, and 5 g of water is
added as the binder. The cylinder-shaped cake is 30 mm
high with cross-sectional diameter of 40 mm (Figure 3).
The cakes are placed on a homemade support made of
steel and loaded into the three-stage resistance furnace
(Figure 4). The decomposition reaction is carried out at
1023 K for 1 hour and requires continuous introduction
of N2 (99.99 pct purity) as shield gas to protect the
products, that is, FeO samples, from oxidation. The
composition is measured by XRD (PANalytical B.V.
D/max2500/PC Cu Ka) after the prepared samples are
cooled to room temperature. The results show that the
FeO samples are well prepared (Figure 5(a)). Then, the
samples are broken into small ones in the size range of 6
to 8 mm for the subsequent softening–melting experi-
ments (Figure 5(b)).

Fig. 1—Interaction between the reduction and slagging reactions of
FeO.

Fig. 2—The preparation of FeO and binary mixture samples.
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Fig. 3—Dimension of the cylinder-shaped cake (a) top view of cross section and (b) side view of height.

Fig. 4—Schematic diagram of the three-stage resistance furnace for the decomposition reaction.

Fig. 5—Prepared FeO samples for the subsequent softening–melting experiment (a) the composition measured by XRD and (b) the appearance
with size of 6 to 8 mm.
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B. Experimental Apparatus and Conditions

The schematic diagram of the experimental apparatus
for the softening–melting experiment is shown in
Figure 6(a). The apparatus consists of four parts,
namely, temperature controller, heating furnace, data
collecting system, and gas supply and mixer system. The
load device is installed on the top of the heating furnace
to simulate the effective load applied by the burden
packed bed above the simulated cohesive zone. A
displacement sensor is used to record changes in the
height of the packed bed during the experiment. Simul-
taneously, the mixture gas is introduced from the bottom
into the graphite crucible and then discharged through
the top gas outlet. The pressure drop is recorded by a

sensor installed at the bottom. In addition, a dripping
receiver is used to measure the weight of the samples
once dripped. The inner diameter of the graphite crucible
is 52 mm and its total height is 150 mm (Figure 6(b)).
Moreover, 9 holes (1 hole at the center and 8 holes in the
periphery) with diameter of 6 mm are uniformly dis-
tributed at the bottom. A three-layer burden is placed in
the crucible, and the upper and lower layers consist of
15 g of coke samples with size of 8 to 10 mm. The middle
layer, with an initial height of 40 mm, consists of FeO
samples with size of 6 to 8 mm. The average porosity of
the three-layer packed bed is 31.4 pct. An S-type
thermocouple is placed close to the burden surface to
record the temperature every 2 seconds.

Fig. 6—Schematic diagram of the experimental apparatus for the softening–melting experiment (a) the main parts and (b) the detailed
dimensions of the graphite crucible.
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The experimental conditions are explained in
Figure 7. The heating rate is 10 K/min below 1173 K
under N2 atmosphere, and the gas flow rate is 5 L/min.
Then, the heating rate shifts to 5 K/min, and the
reducing gas consists of CO:N2 = 40:60 in the mole
ratio when the gas flow rate is 10 L/min. A constant
load of 0.1 MPa is applied above the three-layer burden
packed bed. The experiment ends when no significant
change is observed in the displacement. Finally, the
samples are cooled to room temperature under N2

atmosphere with a flow rate of 5 L/min.

III. INTERACTION BETWEEN REDUCTION
AND SLAGGING OF FEO (BASE CASE)

A. Experimental Schemes

In the base case study, two kinds of gas compositions,
namely, 40 pct CO+60 pct N2 (FeO-CO scheme) and
100 pct N2 (FeO-N2 scheme) in the mole fraction, are
introduced to study the interaction between reduction
and slagging of FeO in the simulated cohesive zone.

B. Results and Discussion

1. Analysis of FeO-CO scheme
In a typical result of a softening–melting experi-

ment,[23–26] T10 pct is the temperature when the samples
shrink by 10 pct, indicating that the samples begin to
soften. T40 pct is the temperature when the samples
shrink by 40 pct, indicating the end of the sample
softening stage. Tm is the temperature when the pressure
drop of the packed bed reaches 0.98 kPa, indicating that
the generation of the initial slag. Tp is the temperature
when the pressure drop reaches its peak value, during
which the samples have basically melted. Td represents
the dripping temperature. T40 pct � T10 pct is the soft-
ening temperature interval, while Td � Tm is the melting
temperature interval.
For FeO-CO, the experiment runs twice, and the

results are compared in Figure 8. FeO exhibits an initial
and steep shrinkage between 973 K and 1173 K. As
soon as CO is introduced, FeO begins to be reduced and
further shrinks by 40 pct, and the pressure drop
simultaneously peaks and then decreases to zero.Fig. 7—Experimental conditions for the softening–melting

experiment.

Fig. 8—The softening–melting experimental results of FeO-CO scheme (a) shrinkage vs temperature and (b) pressure drop vs temperature.
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The softening–melting indices of the FeO-CO
scheme are listed in Table I. The results show that the
softening start temperature is between 1083 K and
1105 K, and the end temperature is between 1233 K

and 1241 K. Meanwhile, the melting start temperature is
approximately 1278 K, and its end temperature is
between 1709 K and 1783 K. In addition, the maximum
pressure drop is between 2.5 and 5.6 kPa.

Table I. The Softening–Melting Indices of FeO-CO Scheme (Unit: K)

Softening Start Tem-
perature

Softening End Tem-
perature

Softening
Interval

Melting Start Tem-
perature

Melting End Tem-
perature

Melting
Interval

FeO-CO
run 1

1083 1241 159 1273 1783 509

FeO-CO
run 2

1105 1233 128 1281 1709 428

Fig. 9—The divided stages of the shrinkage curve with respect to the temperature in FeO-CO scheme (a) schematic diagram of the tangents to
the curve at the different temperature, (b) the obtained four stages, and (c) the interrupted results at the boundary temperature between the
adjacent stages.
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Relatively remarkable difference is observed in the
temperature-based indices between the two-run experi-
mental results. The softening interval in FeO-CO run 1
case is 159 K, while that in run 2 case is 128 K. Thus,
the latter is 20 pct smaller than the former. Complex
factors, such as packed bed structure, particle size, and
temperature control operation, lead to the poor repeata-
bility of the temperature-based results. Moreover, the
aim of the softening–melting experiment is to simulate
the cohesive zone inside blast furnace, but previous
indices mainly focused on the transient temperature, but
the changes in thickness of the cohesive zone are
neglected. Therefore, SR is proposed to reevaluate the
shrinkage behavior of iron oxides under the simulated
cohesive zone conditions.

The SR is defined by Eq. [1]. The initial height of the
FeO sample packed bed is 40 mm (denoted by H0) as
explained in Section II–B, and the transient height
(denoted by Hi) with respect to the increasing temper-
ature is recorded. The corresponding dimensionless
shrinkage is calculated as (H0 � Hi)/H0. The dimen-
sionless shrinkage over the temperature is determined as
the SR. Hence, the slope of the tangent to the curve
(shrinkage vs temperature) represents the SR, and its
unit is in percentage per Kelvin (pct/K).

SR ¼ D
H0 �Hi

H0

.
DT: ½1�

In addition, the measurement accuracy of the dis-
placement sensor is 1 mm, and the initial packed bed
height is 40 mm. This parameter has two significant
figures. Meanwhile, the measurement accuracy of tem-
perature is 1 K. Hence, this parameter will have three or
even four significant figures when the temperature is
above 973 K. Hence, the calculated SR has two signif-
icant figures.

The curve in Figure 8(a) is divided into several stages
based on the experimental conditions and the slopes of
tangents. When the temperature is lower than 1173 K,
the heating rate is 10 K/min, and only N2 is injected
(Figure 7). Thus, the first stage is defined from the point
when the packed bed begins to shrink up to the point
when the temperature reaches 1173 K. Then, the exper-
imental conditions are kept constant. The division of the
curve is decided by comparing the calculated slopes of
the tangents to the curve at the different temperatures
(Figure 9(a)). The curve is divided into four stages and
redrawn in Figure 9(b), in which, I, II, III, and IV,

represent the first, second, third, and fourth stages,
respectively. The SR of each stage is calculated, and the
results are compared in Table II.
In the first stage, only the increasing temperature

causes FeO to deform and fill the pores in the initial
packed bed, because no reducing gas is introduced. This
phenomenon results in a steep shrinkage in the diagram.
The photos of the samples are shown in Figure 9(c)
when the experiment is interrupted at 1173 K. The
thickness of the packed bed decreases from 40 mm to
approximately 30 mm, and the average SR is 0.17 pct/
K. Once the reducing gas CO is introduced in the second
stage, the reduction from FeO to metallic iron speeds up
the shrinking process, and the average SR doubles to
0.31 pct/K. The corresponding thickness further
decreases to approximately 20 mm at 1273 K. By
contrast, in the third stage, when the proportion of
produced metallic iron in the packed bed increases, the
enhancement on the shrinkage by the reduction process
is greatly suppressed, and the average SR drops to as
low as 0.067 pct/K. The metallic iron penetrates the
coke layer below, and the thickness of the packed bed is
11 mm at 1623 K. In the final stage, when the temper-
ature further increases, the remaining FeO begins to
melt. When the temperature approaches 1757 K, the
reduced metallic iron after carbonization gradually
melts and drips. This phenomenon increases the average
SR to 0.18 pct/K.

2. Comparison between FeO-CO and FeO-N2 schemes
The shrinkages with respect to the temperature under

CO-N2 and sole N2 are compared in Figure 10, and the
corresponding SRs in the different stages are listed in
Table II. For FeO-N2, the curve is divided into three
stages, and the boundary between the first and second
stages is located at 1173 K, similar to that in FeO-CO.
The boundary between the second and the third stages is
located at 1573 K. The average SR in the first stage of
FeO-N2 scheme is 0.20 pct/K. Theoretically, this value
should be identical to that in FeO-CO because of the
same experimental conditions. Thus, the discrepancy is
ascribed to the difference in the initial packed bed
structure. Moreover, the shrinkage is principally
affected by the slagging reaction because no reducing
gas is injected. The second and third stages in the
FeO-CO scheme are approximately merged into a new
second stage. After the pores in the initial packed bed
have been completely filled in the previous stage, the
average SR decreases to 0.043 pct/K. When the

Table II. The SRs of Different Stages in FeO-CO and FeO-N2 Schemes (Unit: pct/K)

Schemes First Stage Second Stage Third Stage Fourth Stage

FeO-CO-run 1 0.15 0.29 0.067 0.15
FeO-CO-run 2 0.18 0.33 0.066 0.20
Average value 0.17 0.31 0.067 0.18

Schemes First Stage Second Stage Third Stage

FeO-N2-run 1 0.21 0.044 0.35
FeO-N2-run 2 0.19 0.041 0.47
Average value 0.20 0.043 0.41
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temperature exceeds 1573 K, the following reactions or
processes positively contribute to the bed shrinkage: the
direct reduction participated by coke and FeO becomes
increasingly important; the unreacted FeO demonstrates
serious softening behaviors, because the temperature is
close to the melting point; and the produced metallic
iron begins to melt and drip after carbonization.
Consequently, the combined effects increase the average
SR up to 0.41 pct/K, which proves again that the
reduced metallic iron resists the shrinkage of the packed
bed before 1623 K.

The interaction between the reduction and slagging
reactions of FeO is summarized as follows. When the
simulated cohesive zone is initially formed, the thermal
effect is the main cause of the FeO solid-state deforma-
tion. Thus, the pores in the packed bed are filled, and the
thickness of the cohesive zone shrinks by up to 25 pct at
the average rate of approximately 0.20 pct/K. The
gaseous reduction of FeO participated by CO further
increases the shrinkage by another 25 pct at 1273 K.
Then, the slagging reaction of FeO becomes the driving
force for the shrinkage at the rate of less than 0.07 pct/
K, and the increasing amount of produced metallic iron
at the same time retards the shrinkage. By contrast,
when the temperature is over 1573 K, the unreacted
FeO rapidly softens and then melts, and the SR can
increase up to 0.41 pct/K. In addition, when the
temperature is over 1623 K, the melting and dripping
of metallic iron after carbonization also positively
contributes to the fast shrinkage of the thickness of
the simulated cohesive zone.

IV. INTERACTION BETWEEN THE REDUCTION
AND SLAGGING OF FEO-X BINARY MIXTURE

A. Experimental Schemes and Sample Preparation

Assuming that Fe2O3 and Fe3O4 in the iron-bearing
burden materials are reduced to FeO by the indirect
reduction in the upper lump zone, the burden compo-
sition in the region above the cohesive zone is calculated

based on the mass balance of typical blast furnace raw
materials conditions. The results are summarized in
Table III. The first experimental group of designed
schemes for FeO:CaO:SiO2:MgO:Al2O3 is
70:10:10:5:5 pct in mass fraction as shown in Table IV.
For FeO-X binary mixture samples, the preparation is
almost similar to that for FeO samples, except that the
additive oxide powders should be uniformly mixed in
advance with the ferrous oxalate powders (Figure 2).
The composition of the prepared FeO-X binary samples
are measured by XRD (PANalytical B.V. D/max2500/
PC Cu Ka), and the results are shown in Figure 11.[26]

The main composition of the prepared FeO-CaO,
FeO-SiO2, FeO-MgO and FeO-Al2O3 binary mixtures
are CaOÆFe3O4 (melting point, 1377 K), 2FeOÆSiO2

(fayalite, melting point, 1462 K), MgOÆFeO (solid solu-
tion; melting point, 2064 K), and 2Al2O3ÆFeO (spinel;
melting point, 2053 K), respectively, with the remaining

Table III. The Initial Composition of Burden in the Region
Above Cohesive Zone Based on Mass Balance Calculation

Composition FeO CaO SiO2 MgO Al2O3

Mass kg/tHM 1208.92 160.31 144.46 41.36 60.74
Mass fraction pct 74.79 9.93 8.94 2.58 3.76

Table IV. The First Experimental Group of Designed
Schemes for FeO-X Binary Mixture (Unit: g)

Schemes FeO CaO SiO2 MgO Al2O3

1-FeO-CaO-CO 87.50 12.50 — — —
1-FeO-SiO2-CO 87.50 — 12.50 — —
1-FeO-MgO-CO 93.33 — — 6.67 —
1-FeO-Al2O3-CO 93.33 — — — 6.67

Fig. 10—Comparison of the shrinkages with respect to the
temperature between FeO-CO and FeO-N2 schemes.

Fig. 11—XRD results of the prepared FeO-X binary mixture
samples before the softening–melting experiment.
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unreacted FeO or other oxides. Furthermore, the
microstructures based on SEM-EDS (VEGA3 TES-
CAN) analysis are compared in Figure 12.

CaO or its compound particles, that have a cubic
shape with sharp edges and particle size of less than
20 lm, are dispersedly distributed in the FeO particles.
Moreover, Al2O3 or its compound particles with length
of 100 lm and width of less than 50 lm are dispersedly
distributed in the FeO particles. By contrast, the fayalite
phase and MgOÆFeO solid solution are not obviously
found in the prepared binary mixture samples.

B. Results and Discussion

The prepared FeO-X binary mixture samples are
used for the subsequent softening–melting experiments.
The curves of the shrinkage with respect to the
temperature are drawn and divided into individual
stages in Figure 13, and the calculated SRs are listed in
Table V.

In the first stage, the individual FeO-X binary mixture
samples are heated to 1173 K under N2 atmosphere.
Given the relatively low concentrations of SiO2 and
Al2O3 in the mixture, their shrinkages are primarily
affected by FeO and start as early as 973 K. By contrast,
the forming fayalite and spinel restrain the SRs below
0.16 pct/K. MgO exists in the FeOÆMgO solid solution.
Although the shrinkage start temperature is delayed to
approximately 1073 K, its SR is maintained at 0.22 pct/
K. By contrast, CaOÆFe3O4 greatly increases the SR to
0.42 pct/K, nearly twice as fast as the other results, and
the shrinkage at 1173 K exceeds 50 pct.

When CO is introduced in the second stage, all SRs of
the FeO-X binary mixtures are slower than the coun-
terpart in the base case (0.31 pct/K). This result indi-
cates that the slagging reaction dominates the shrinkage
in this stage regardless of the effects of the added
compounds on the reduction.

In the following third or/and fourth stages, different
schemes demonstrate the diverse behaviors. Given the
fastest SRs in the former two stages, the shrinkage in the
FeO-CaO scheme is above 70 pct at 1273 K. Further
increase in temperature only facilitates the melting of the
unreacted CaOÆFe3O4 and FeO, and the related SR is
below 0.030 pct. Meanwhile, the poor permeability of
the packed bed probably presents an obstacle for the
carbonization and dripping of reduced metallic iron.
Thus, the final shrinkage of the packed bed stops at
86 pct. Given that only a limited proportion of FeO in
FeOÆMgO solid solution is free to participate the
reduction reaction and no dripping of metallic iron is
detected, the SR, which is dominated by the slagging
reaction of FeO, is 0.069 pct/K. For FeO-SiO2, the
increasing temperature gradually promotes the reduc-
tion of fayalite, resulting in relatively fast SR (0.076 pct/
K) compared with the base case. When the temperature
exceeds 1512 K in the fourth stage, the unreduced
fayalite melts and drips to shrink at a low rate of
0.017 pct/K. For FeO-Al2O3, the spinel with extremely
high melting temperature is present in the melting phase
as the solid-phase particles. Thus, the SRs decrease to
0.045 and 0.10 pct/K in the third and fourth stages,
respectively.
CaO notably hastens the shrinkage of FeO, especially

before 1273 K, and the final shrinkage stops at 86 pct.
The formation of the solid solution FeOÆMgO not only
postpones the shrinkage start temperature but also
suppresses the shrinkage controlled by the reduction in
the second stage. Despite the low concentration of
Al2O3, the formed spinel with high melting temperature
acts as the solid-phase particles and generally decreases
the SRs of the whole stages. The fayalite decreases the
SRs at low temperature but subsequently increases the
SR because of the gradually improving reducibility,
which restrains the further melting and dripping of
fayalite.

FeO-CaO samples
Element 1(%) 2(%)

O 64.9 58.9
Fe 12.0 39.5
Ca 23.1 1.6

FeO-SiO2 samples
Element 1(%) 2(%)

O 9.5 31.4
Fe 90.5 66.1
Si 0.0 2.5

FeO-MgO samples
Element 1(%) 2(%)

O 47.9 59.4
Fe 51.1 40.6
Mg 0.9 0.0

FeO-Al2O3 samples
Element 1(%) 2(%)

O 61.4 67.1
Fe 1.8 32.9
Al 36.8 0.0

Fig. 12—Microstructures of the prepared FeO-X binary mixture samples before the softening–melting experiment.
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C. Interaction Between Reduction and Slagging
Reactions

To further elucidate the interaction between reduction
and slagging reactions, the mass fraction of X in FeO-X
binary mixture is doubled to FeO:CaO:SiO2:MgO:
Al2O3 = 40:20:20:10:10 pct in mass fraction. Pure N2

is also introduced for comparison. Thus, the second
experimental group of designed schemes for FeO-X
binary mixture is clarified in Table VI. The shrinkages
under the different conditions vary with the temperature.
The corresponding results are compared in Figure 14,
and the calculated SRs are collected in Table VII.

Fig. 13—The curves of shrinkage with respect to the temperature and corresponding stages division (a) 1-FeO-CaO-CO, (b) 1-FeO-SiO2-CO, (c)
1-FeO-MgO-CO, and (d) 1-FeO-Al2O3-CO.

Table V. The SRs of Different Stages in 1-FeO-X-CO Schemes (Unit: Pct/K)

Schemes First Stage Second Stage Third Stage Fourth Stage

FeO-CO 0.17 0.31 0.067 0.18
1-FeO-CaO-CO 0.42 0.19 0.029 n/a
1-FeO-SiO2-CO 0.14 0.15 0.076 0.017
1-FeO-MgO-CO 0.22 0.16 0.069 n/a
1-FeO-Al2O3-CO 0.16 0.15 0.045 0.10
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When the concentration of CaO further increases, the
unslagged CaO in the binary mixture resists to shrink.
Thus, the SR decreases to 0.16 pct/K before 1173 K and
to 0.015 pct/K at higher temperature without reduction
participation. After CO is introduced in the second

stage, although the SR temporally increases to 0.30 pct/
K, it quickly drops to 0.021 pct/K after 1273 K. Hence,
the eventual shrinkage is 72.5 pct, which is less than its
counterpart in 1-FeO-CaO-CO scheme by approxi-
mately 13 pct. In addition, the shrinkage of the samples
under N2 atmosphere was finally approximately 40 pct,
which indicates that the produced CaOÆFe3O4, even with
low melting temperature, does not drip easily after
melting.
By contrast, when SiO2 is added, the fayalite not

only has a low melting temperature but also tends to
drip once the temperature exceeds 1436 K in 2-FeO-
SiO2-N2. Moreover, the SR below 1173 K will become
faster as more fayalite is produced. The poor reducibil-
ity of fayalite under high proportion of SiO2 in the
mixture restrains the SR in the second stage to
0.16 pct/K, but it gradually improves with the increas-
ing temperature.

Table VI. The Second Experimental Group of Designed

Schemes for FeO-X Binary Mixture (Unit: g)

Schemes FeO CaO SiO2 MgO Al2O3

2-FeO-CaO-CO 66.67 33.33 — — —
2-FeO-CaO-N2 66.67 33.33 — — —
2-FeO-SiO2-CO 66.67 — 33.33 — —
2-FeO-SiO2-N2 66.67 — 33.33 — —
2-FeO-MgO-CO 80.00 — — 20.00 —
2-FeO-MgO-N2 80.00 — — 20.00 —
2-FeO-Al2O3-CO 80.00 — — — 20.00
2-FeO-Al2O3-N2 80.00 — — — 20.00

Fig. 14—The curves of shrinkage with respect to the temperature and corresponding stages division (a) 2-FeO-CaO-CO/N2, (b) 2-FeO-SiO2-CO/
N2, (c) 2-FeO-MgO-CO/N2, and (d) 2-FeO-Al2O3-CO/N2.
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Further increase in the MgO concentration in the
FeOÆMgO solid solution forms a skeletal-like structure.
The microstructure of the samples after the soften-
ing–melting experiment is analyzed using SEM-EDS,
and the results are shown in Figure 15. MgO or the solid
solution forms small or long and narrow phases, and
most of particles have a size of less than 20 lm and
almost uniformly distributed in the iron-based matrix.
Thus, they play as a ‘‘skeletal’’ structure to resist the
shrinkage. The more MgO is added to the solid solution,
the stronger is the resistance to deformation. This
characteristic decreases the SRs to below 0.18 pct/K
before 1173 K. However, the case can be improved
when the reduction of FeO by CO begins at higher
temperature. However, given that only a limited pro-
portion of FeO in the solid solution can be reduced, the
increasing MgO concentration in the mixture has little
influence on the reduction reaction. Thus, the SRs in the
following stages decrease to as low as 0.023 pct/K.

For FeO-Al2O3, the microstructure of the samples
after the softening–melting experiment is also shown in
Figure 15. The FeOÆAl2O3 spinel forms large and wide
phases, and its average size reaches above 60 lm. The
dispersed distribution of FeOÆAl2O3 spinel has less
impact than the FeOÆMgO solid solution on the shrink-
age behavior at low temperature. Further reduction of
the unslagged FeO helps maintain the SR in the second
stage at 0.18 pct/K. However, the slowest reduction rate
reduces the SR in the following stage to approximately
0.044 pct/K. When the temperature is over 1673 K, the
residual FeO melts and increases the SR to approxi-
mately 0.098 pct/K. The results are summarized in
Figure 16.

V. CONCLUSIONS

A new index SR is established to investigate the
transient interaction between reduction and slagging
reactions of FeO in the simulated cohesive zone of the
blast furnace. The index is based on the shrinkage of the
thickness of FeO or FeO-X binary mixture sample
packed bed with respect to temperature in the soften-
ing–melting experiment. The shrinkage of FeO or
FeO-X binary mixture samples are primarily attributed
to the gaseous reduction participated by CO, the
slagging reaction caused by thermal effect, or even both
reactions.
At low temperature (below 1173 K), FeO is slagging

on its own by deformation. The pores in the packed bed
are filled when the bed shrinks at approximately
0.20 pct/K. The addition of CaO or SiO2 under the
proper proportion can increase the SR up 0.42 pct/K,
whereas MgO decreases the SR to as low as 0.13 pct/K
by forming a solid–solution phase. By contrast, the
effect of Al2O3 can be negligible under the present
experimental conditions.
Once CO is introduced, the packed bed shrinkage

generally accelerates, which indicates that reduction,
instead of the slagging reaction, dominates the shrinkage
between 1173 K and 1273 K. Thereafter, the SRs drops
to 0.021, 0.077, 0.072, and 0.044 pct/K with reduction
participation and changes to 0.015, 0.49, 0.023, and
0.072 pct/K without reduction participation for FeO-
CaO, FeO-SiO2, FeO-MgO, and FeO-Al2O3 binary
mixtures, respectively. Thus, the further shrinkage with
the increasing temperature is mainly controlled by the
slagging reaction when CaO is added, by the reduction

Table VII. The SRs of Different Stages in 2-FeO-X-CO/N2 Schemes (Unit: Pct/K)

Schemes First Stage Second Stage Third Stage Fourth Stage

FeO-CO 0.17 0.31 0.067 0.18
FeO-N2 0.20 0.043 0.41 —
2-FeO-CaO-CO 0.16 0.30 0.021 —
2-FeO-CaO-N2 0.16 0.069 0.015 —
2-FeO-SiO2-CO 0.27 0.16 0.077 0.009
2-FeO-SiO2-N2 0.33 0.098 0.49 0.027
2-FeO-MgO-CO 0.13 0.15 0.072 —
2-FeO-MgO-N2 0.18 0.10 0.023 —
2-FeO-Al2O3-CO 0.21 0.18 0.044 0.098
2-FeO-Al2O3-N2 0.19 0.072 — —

FeO-MgO sample
Element 1(%) 2(%)

O 49.9 0.0
Fe 11.1 100.0
Mg 39.0 0.0

FeO-Al2O3 sample
Element 1(%) 2(%)

O 62.2 0.0
Fe 12.4 100.0
Al 25.4 0.0

Fig. 15—Microstructures of FeO-MgO and FeO-Al2O3 binary mixture samples after the softening–melting experiment.
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Fig. 16—Summary of the interaction between reduction and slagging reactions of FeO and FeO-X binary mixture in the form of SR.
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reaction when SiO2 or Al2O3 is added, or by both
reactions when MgO is added.
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