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ABSTRACT
In the blast furnace, nut coke is utilized in a mixture with the ferrous burden to improve the gas
permeability. Although applied in a broad range (10–40 mm, 2–23 wt-%), limited information is
available on changed burden behaviour in its presence. In the present study, the detailed
characterization was performed on the iron ore pellets quenched during sintering, softening and
before complete melting. The quanti�ed information of the phase distribution across the pellets is
compared for the samples mixed with and without nut coke. The principal role played by the nut
coke is on bringing higher reduction and lower sintering among the pellets. For the pellet mixed
with nut coke, at the core, �25 vol.-% of the material is observed in a network arrangement. The
core structure consists of a wüstite matrix (10–20 vol.-%) reinforced with the iron nuclei (5–15 vol.-
%). On the contrary, in the absence of nut coke, the pellet core is observed being hollow.
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Introduction

In a blast furnace, the reduction of the ferrous burden (iron ore,
sinter and pellet) is accompanied by the burden shrinkage, soft-
eningand melting in thecohesive zone. Thecohesive zonestarts
with the softening of the ferrous burden and ends with the
melting and dripping. Thus higher resistance to the gas �ow is
experienced in this zone [1]. This restricts the gas intake capacity
of the blast furnace and hence limits the productivity [2]. In order
to improve the permeability in the cohesive zone, a method like
the addition of nut coke (10–40 mm, 2–23 wt-% replacement of
regular coke) to ferrous burden has gained researchers and
industrial attention [3]. The nut coke addition has the ability to
improve the shaft permeability [4], reduction kinetics [5],
enhance burden softening-melting properties [6], and extend
the thermal reserve zone temperature [3,7].

The presence of nut coke brings fundamental changes on
the ferrous burden, which transforms the burden properties.
These on a macroscale a�ect the bed properties. This brings
the need of thorough comparative understanding on the
interior of the ferrous burden during the shrinkage, softening
and melting steps in the presence and absence of the nut coke.

Materials and methods

Iron ore pellets are a commonly used raw material for iron
production from the blast furnace route. Hence, commercially
supplied iron ore pellets (olivine �uxed) were used in the
present work. The chemical analysis with XRF (X-ray �uor-
escence, Pananalytical, AxiosMax) of the raw pellets is given
in Table 1. Pellets and nut coke used were in the size range
of 10–13 mm and 10–15 mm, respectively.

In order to understand the e�ect of nut coke addition with
the ferrous burden, Song [6,8] has performed a series of

experiments both at room temperature and at high tempera-
tures. His studies were aimed to investigate the bed per-
meability, reduction behaviour and softening-melting
properties of the mixed charged ferrous burden. Nut coke
addition was found to improve these properties. To further
investigate the principal reasons for enhanced burden proper-
ties, Song [8] has performed a series of quenching experiments
under simulated blast furnace conditions. The thermal and gas
pro�le followed during the experiments is given in Table 2. For
the sample bed quenching from 1300oC and 1400oC, segments
up to 9 and 10, respectively, were followed and then samples
were quenched in nitrogen gas atmosphere at the rate of
5oC/min. In the present study, this work is carried forward.
These quenched pellets were thoroughly investigated to
understand the microscopic development occurred during
the shrinkage, softening and before complete melting.

Similar to the blast furnace layered burden structure, iron
ore pellets were sandwiched between two regular coke
layers inside the crucible. In the case of pellet mixed with
nut coke, 20 wt-% nut coke (replacement of the regular
coke) was mixed with the pellets before sandwiching in
between the regular coke. All experiments were conducted
with equal amounts of the pellets (500 g) and total coke
(100 g). More information about the experimental set-up, pro-
cedure and condition can be found in the refs [6,8].

Sample selection

Compared to burden mass and volume in the blast furnace,
the sample mass used in the study is very small. However,
in the microscale, this burden sees similar surroundings and
atmosphere as in the blast furnace. Therefore, by the analysis
of one or two representative pellets, the burden bed behav-
iour can be explained e�ectively.
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In the study performed by Song [8] it was found that sig-
ni�cant bed shrinkage occurred around 1300oC, and sample
melting was about to occur after 1400oC. Therefore, in the
current study detailed investigations were performed on the
pellets quenched at 1300oC and 1400oC for both cases, with
(20 wt-%) and without mixed nut coke. Photographs of the
quenched sample beds are shown in Figure 1. The pellets
located away from the graphite crucible wall and approxi-
mately cut through their centre are marked as representative
pellets. In the case of pellets mixed with nut coke, to under-
stand the e�ect brought by the nut coke addition, pellets
located close to the nut coke were selected for the detailed
analysis. Encircled representative pellets in Figure 1 are
selected for detailed investigations. For the sample bed
quenched at 1300oC, representative pellets look similar by
brief observation under the microscope. Thus, one represen-
tative pellet was selected for the detailed analysis from the
quenched sample bed. In the case of sample quenched
from 1400oC, variation in the present phases appeared
among the representative pellets. Hence, two representative
pellets were selected for the closer investigation.

Phase identi�cation

Phases, mineralogy (iron, wüstite and slag), and pore distri-
bution patterns were investigated in the sample pellets.
Di�erent phases present in the samples were determined
by X-ray di�raction (XRD, Bruker D8 discover). XRD analyses
were carried out with CoK� radiation with an accelerating
voltage of 45 kV and a �lament current of 25 mA. Parallel
beam geometry was applied for the analysis. The scanning
rate was 1.2 degree/min and the di�raction angle (2�) was
between 30o and 80o. Phases were analysed both at pellet
shells and core. Phase details and features were examined
under �eld emission scanning electron microscope (FSEM,
Joel 6500F). The composition of the phases were semi-quan-
titatively analysed using Energy Dispersive Spectroscopy
(EDS). An acceleration voltage of 15 kV and 8 nA probe
current were applied during the analysis.

Phase quanti�cation

Quanti�cation of the phases was performed via a series of
investigations. To bring out the clear e�ects of nut coke
addition, characterized phases were closely compared with
the case when nut coke was absent in the pellet bed.

For the phase quanti�cation in ferrous burden, advance
re�ected light microscopes are generally used and their accu-
racy is stated to be high [9,10]. Thus in present studies, phases
distribution in the pellet samples were logged by re�ected
light microcopy (Olympus BX60M) and quanti�ed by the
image analysis techniques (Figure 2). Two randomly selected
diameters in the pellet cross-section were photographed from
one end to the other, approximately 530 �m in each frame at
100× magni�cation. These micrographs were analysed for
phase concentration and distribution with the help of
‘GIMP-2’ open source image processing software [11]. The
shape and contrast di�erence among the phases were
exploited for the analysis. The number of pixels per phase
was utilized to estimate the volume percentage of di�erent
phases present in a micrograph. To further enhance the accu-
racy in the examination of the features, SEM-EDS analysis

Table 1. Chemical analysis of the iron ore pellets (wt-%).
Fe (Total) SiO2 CaO Al2O3 MgO MnO TiO2 ZnO
64.40 4.50 0.22 1.20 1.20 0.37 0.20 0.23

Table 2. Thermal and gas pro�le followed during the experiments [8].

Segment
Temperature

(oC)

Rate
(oC/
min)

CO
(%)

H2
(%)

CO2
(%)

N2
(%)

Gas rate
(litre/
min)

1 20–250 7 0 0 0 100 5
2 250–400 7 25 4.5 20.5 50 15
3 400–600 5 25 4.5 20.5 50
4 600–800 5 30 4.5 15.5 50
5 800–900 5 33 5 12 50
6 900–950 5 33 5 12 50
7 950–1050 1.2 33 5 12 50
8 1050–1100 5 42 8 0 50
9 1100–1300 5 42 8 0 50
10 1300–1400 5 42 8 0 50

Figure 1. Photographs of the sample bed quenched from high temperatures [8]. Encircled pellets are selected for detail analysis.
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were cross-referred. The pores appeared black in the optical
micrographs. Their pixels were estimated by subtracting
metal, wüstite and slag pixels from the total micrograph
pixels. This exercise was repeated for all the captured micro-
graphs of the pellet. To view a complete cross-section of the
selected pellet a Keyence optical microscope (VHX-5000)
was operated in the stitching mode.

Results

Phase identi�cation

To identify the phases present across the pellet cross-section,
XRD investigations were performed on the selected pellets.
The di�raction patterns of the quenched pellets are given in
Figure 3. A strong peak of iron at the pellet periphery (shell)
for all the selected samples shows that the reduction reactions
progressed topo-chemically (surface to centre).

In the sample quenched at 1300oC, di�erences in the
phases present between the pellet shell and core was
detected (Figure 3(a,b)). In the pellet without mixed nut
coke, iron and wüstite were observed as the primary phase
present at shell and core, respectively (Figure 3(a)). In the
pellet mixed with 20 wt-% nut coke, iron was observed as
the principal phase at the shell. And at the core, a sharp
peak of iron along with wüstite indicates its presence in sig-
ni�cant amount (Figure 3(b)).

In the sample quenched at 1400oC, iron was again recog-
nized at the pellet shell as the major phase for both the cases
(Figure 3(c,d)). In the pellet mixed with nut coke, along with
iron and silica, wüstite was observed as the leading phase in
the core. On the other hand, in the pellet without nut coke,
the core was observed to be hollow (Figure 3(d)). Hence on
hollow cores, XRD investigation was not performed.

In line with the XRD investigations, the identi�ed phases
were recon�rmed by the SEM-EDS analysis. For both cases

Figure 2. Phase identi�cation and quanti�cation from the micrograph using image processing application (GIMP).

Figure 3. XRD patterns of the quenched pellets.
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and quenching temperatures (1300oC and 1400oC), the pellet
shell consists of an iron matrix with entrapped partially
reduced iron oxide (wüstite) and slag (Figure 4(a,c)). In the
pellet with nut coke quenched at 1300oC, along with wüstite
and slag, the presence of iron nuclei at the pellet core was
noted (Figure 4(b)). In the same pellet, at the core dispersed
pores in the size range of 10–100�m were also observed.

As discussed earlier, in pellet without mixed nut coke at
1400oC, the core was hollow. However, strikingly in the core
of pellet mixed with nut coke, the iron nuclei were observed
to be embedded on the wüstite matrix. In the same pellet,
the presence of bigger size (100–400 �m) pores was also
noted at the core (Figure 4(d)).

Phase distribution

Pellet quenched at 1300oC
Photographs of the pellet cross sections quenched from
1300oC are shown in Figure 5. In the pellet without mixed
nut coke, close contact among surrounding pellets was seen
(Figure 5(a)). Reduced iron shells of the pellet were sintered
with the neighbour pellets. In some instances, due to poor
availability of the pellet surface for reduction and sintering
at low temperatures (1050oC) [12], pellets were seen con-
nected even before the formation of an iron shell. This

brings the situation of a common shell and connected core
among two or more pellets (Figure 5(a)). In the case of
quenched pellets with 20 wt-% nut coke, a uniform porous
and broader iron shell was witnessed. Furthermore, limited
contact (sintering) among the pellets were observed. Quan-
ti�ed phase information for the pellets quenched at 1300oC
with and without nut coke is given in Figure 6. At the outer
layer of both pellets, iron was present as the dominant
phase. The iron-rich region was thicker for the pellet mixed
with nut coke compared to the pellet without nut coke. The
total volume of unreduced iron oxide (wüstite) was observed
to be large and concentrated at the core for pellet without
mixed nut coke.

Phase distribution in pellet quenched at 1400oC
Pellets without mixed nut coke. Detailed observation under
the microscope for pellets quenched at 1400oC revealed sig-
ni�cant variation in the features. Thus, for the pellets
quenched at 1400oC the investigations were repeated with
two representative pellets. Figure 7 shows the phase distri-
bution within the pellet cross-section. Analysed results are
plotted against the normalized pellet diameter. It is clear
from Figure 7 that the central part of the pellet is hollow.
The material concentration steeply decreases from about 90
vol.-% to 0 vol.-% by reaching nearly 40% of the diameter

Figure 4. SEM–EDS micrographs of the quenched pellet sections.
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