
 
Abstract—Cluster formation is an essential phenomenon during 

direct reduction processes at shaft furnaces. Decreasing the reducing 
temperature to avoid this problem can cause a significant drop in 
throughput. In order to prevent sticking of pellets, a coating material 
basically inactive under the reducing conditions prevailing in the 
shaft furnace, should be applied to cover the outer layer of the pellets. 
In the present work, steel dust is used as coating material for iron ore 
pellets to explore dust coating effectiveness and determines the best 
coating conditions. Steel dust coating is applied for iron ore pellets in 
various concentrations. Dust slurry concentrations of 5.0-30% were 
used to have a coated steel dust amount of 1.0-5.0 kg per ton iron ore. 
Coated pellets with various concentrations were reduced isothermally 
in weight loss technique with simulated gas mixture to the 
composition of reducing gases at shaft furnaces. The influences of 
various coating conditions on the reduction behavior and the 
morphology were studied. The optimum reduced samples were 
comparatively applied for sticking index measurement. It was found 
that the optimized steel dust coating condition that achieve higher 
reducibility with lower sticking index was 30% steel dust slurry 
concentration with 3.0 kg steel dust/ton ore. 
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I. INTRODUCTION 

N the past few decades, direct reduction of iron ores has 
become an important step in ironmaking. Over the years, 

several direct reduction processes, ranging from those using 
ore fines to those using lump ores and pellets, have been 
developed. Some of these processes use natural gas as fuel 
reductant, whereas the others are based on coal. However, 
more than 90% of direct reduced iron (DRI) produced in the 
world today comes from the vertical shaft furnace processes 
developed by Midrex of USA and HYL of Mexico, both using 
pellets and/or lumps as feed stock [1]-[6].  

Frequently during the direct reduction inside shaft furnaces, 
a sticking or clustering phenomenon of pellets was observed. 
The ferrous burden was found to start sticking together in the 
middle and lower part of the shaft, before the material entered 
the cooling zone. In the middle shaft, the pellet aggregates 
formed could be separated by hand, but if it is lower in the 
furnace, then the sticking was more pronounced. If clustering 
of the particles in a pellet bed is pronounced, the smooth 
descending movement of the ferrous burden can be disturbed. 
In the worst case, the burden descent can be held up, resulting 
in hanging, followed by a slip when the burden suddenly again 
moves downwards. Another consequence of clustering in the 
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pellet layers is the forming of gas channels. Gas channels 
represent shortcuts for the reducing gas through the ferrous 
burden, resulting in bad utilization of the gas, and thereby, the 
fuel rate increases. By using coated pellets, i.e. covering the 
pellet surface with a thin layer of non-sticking material, it 
should be possible to decrease the clustering tendency [7]-[9]. 
Many investigators handled the cluster formation phenomena 
in shaft furnace [10]-[15]. Results from these investigations 
indicate that sticking is a result of the growth of fibrous iron 
precipitates (iron whiskers) that become hooked to each other 
and finally become crystallized during the initial stages of 
metallization. One way of preventing the sintering between 
pellets is therefore to keep the iron surfaces of individual 
pellets apart. In order to prevent sticking of pellets a coating 
material, basically inactive under the reducing conditions 
inside, the shaft furnace can be applied to cover the outer 
surface of the iron ore pellets.  

Coating techniques to avoid cluster formation are 
thoroughly handled in various studies [16]-[18]. It was found 
that increase in the gangue content of pellets improves their 
non-sticking behavior. Pellets coated with calcium carbonate 
slurry showed very promising results.  

In the present work, steel dust (that generated from steel 
plant) is used as coating material for iron ore pellets, and this 
study aims to explore steel dust coating effectiveness and 
determines the best coating conditions. 

II. EXPERIMENTAL WORK 

A. Raw Material  

In this study iron, ore pellets were used in the experiments. 
These ores are practically used in iron making process. Also, 
steel dust is used that generated from Electric Arc Furnace. 
The iron ore and steel dust were characterized with X-ray 
diffraction (XRD), X-ray fluorescence (XRF), and scanning 
electron microscope (SEM).  

B. Experimental System 

Iron ore pellets were coated comparatively with various 
concentrations of steel dust suspension. 

1. Coating Process  
Coating material (steel dust) is well mixed with water, and 

slurry is prepared in various concentrations. Iron ore pellets 
were showered by the coating slurry in a disc pelletizer.  

Various solid concentrations 10, 20, and 30% were used to 
have a coated steel dust amount of 3.0, 4.0, and 5.0 kg per ton 
iron ore. Coated pellets were left to air-dry, which was 
followed by reducibility test.  
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2. Reduction Process (Reducibility Test) 

The apparatus consists of a reduction furnace supported 
with a system to supply and regulate the gases, a reduction 
tube of heat resistance steel, a weighing device to determine 
the oxygen loss at regular intervals and an electrically heated 
furnace to heat the test portion to the specified temperature.  

The sample weight used for each reduction test is about 500 
g in the size range 10.0-12.5 mm. The flow rate of reducing 
gas during the test period is maintained at about 50 l/min 
while the temperature is maintained at 985 oC. The schematic 
diagram and visual photo of the experimental apparatus used 
in this study were presented in Fig. 1. 

The sample is introduced into the chamber. In order to 
achieve a more uniform gas flow, a two-layer bed of porcelain 
pellets having a size range of 10.0-12.5 mm is placed between 
the perforated plate and the test portion. The control panel is 
used to create the desired program. The reduction tube is 
closed, inserted into the furnace and suspended centrally from 
the weighing device. The test samples are dried inside the 
furnace, then nitrogen gas is allowed to pass through the 
reduction tube at a flow rate of approximately 25 l/min, and 
the heating is commenced. After the mass of the test portion 
becomes constant, H2 and CO gas mixture is introduced at a 
rate of 31.5 and 18.5 l/min, respectively. The mass of the test 
portion is recorded continuously.   

 

 

Fig. 1 Schematic diagram of the reduction apparatus 1-Weighting 
system, 2- Tube furnace, 3- Sample holder, 4- Sample bed in ceramic 

balls, 5- Thermocouple and 6- Upper arid lower lift 

3. Sticking Index (Reduction under Load Test - ISO 11256)  

The tendency for cluster formation is measured by detecting 
the sticking index using reduction under load test. The system 
is capable of applying a total static load of 147 kPa on a bed of 
the test portion. The test portion is 2000 g of pellets sample 
with pellet size – 16.0 mm + 12.5 mm (50 %), and – 12.5 mm 
+ 10.0 mm (50 %). The pellets sample is isothermally reduced 
in a fixed bed, at 850 °C, under static load, using a reducing 
gas consisting of 30%CO, 15%CO2, 45%H2 and 10%N2, in a 
flow rate of 40l/min until a degree of reduction of 95%. 

Schematic diagram and visual photo of the Reduction under 
load - ISO 11256 apparatus are shown in Fig. 2.  

Tumble drum apparatus is used to disaggregate the formed 
cluster by tumbling. The percentage of clusters is determined 
on the cooled sample. Schematic diagram and visual photo of 
the tumble drum apparatus are shown in Fig. 3. Tumble drum 
is made of steel plate at least 5 mm in thickness, having an 
internal diameter of 1 000 mm and an internal length of 500 
mm. Two equally spaced L-shaped steel lifters, 50 mm flat × 
50 mm high × 5 mm thick and 500 mm long, to prevent 
accumulation of material between the lifter and drum. The 
door shall be so constructed as to fit into the drum to form a 
smooth inner surface. During the test, the door shall be rigidly 
fastened and sealed to prevent loss of the sample. The drum 
shall be rotated on stub axles attached to its ends by flanges 
welded so as to provide smooth inner surfaces. The drum shall 
be replaced, in any case, when the thickness of the plate is 
reduced to 3 mm in any area. The lifters shall be replaced 
when the height of the shelf is reduced to less than 47 mm. 

Carefully we remove all the material from the reduction 
tube. We determine the mass of the reduced material (mr). 
During this operation, some individual pellets usually separate 
from the clustered material. We remove the pellets and record 
the mass of the clustered material (mc,1). The total rotations 
are 35 revolutions, divided into seven disaggregation 
operations of five revolutions each. The weight of the 
remaining clusters is measured and recorded after each 
disaggregation operation. 

The clustering index, CI, expressed as a percentage, is 
calculated from the following equation: 

 

 
 
where mr is the total mass, in grams, of the test portion after 
reduction; mc,i is the mass, in grams, of the clusters after the ith 
disaggregation operations. 

III. RESULTS AND DISCUSSION 

A. Material Characterization 

The various characterization test for iron ore pellets showed 
that iron oxide (Fe2O3) is the major phase with presence of 
SiO2, CaO and Al2O3 as minor- components (Fig. 4). The 
SEM photos for iron ore samples are shown in Fig. 5. It was 
observed that grain coalescence with very low micropores, and 
many macropores took place in a dense structure.  

Almost about 10 different steel dust samples were analyzed, 
and the average characterization of steel dust, is given in Table 
I. The dust is mainly 20-30% CaO and CaCO3 with about 50-
60 % Fe2O3. 
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Fig. 2 Schematic diagram of the reduction under load - ISO 11256 apparatus 
 

 

Fig. 3 Schematic diagram of the tumble drum apparatus 
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Fig. 4 XRD analysis for iron ore pellets 
 

  

Fig. 5 SEM micrographs of iron ore pellets 
 

TABLE I 
CHEMICAL ANALYSIS FOR STEEL DUST 

Compound Conc.% Element Conc.% 
C 4.719 C 4.719 

O 30.150 
Na2O 0.190 Na 0.140 
MgO 8.050 Mg 4.854 
Al2O3 1.930 Al 1.020 
SiO2 3.380 Si 1.580 
P2O5 0.068 P 0.030 

S 0.0609 S 0.061 
Cl 0.050 Cl 0.050 

K2O 0.097 K 0.080 
CaO 18.750 Ca 13.400 
TiO2 0.149 Ti 0.089 
V2O5 0.065 V 0.036 
Cr2O3 0.008 Cr 0.005 
MnO 0.541 Mn 0.419 
NiO Tracing Ni Tracing 
ZnO 0.239 Zn 0.192 
SrO 0.009 Sr 0.007 
PbO 0.012 Pb 0.01 

Fe2O3 61.683 Fe 43.154 

For dust coated pellets, Fig. 6 shows iron ore pellets before 
and after coating. The surface and internal layers of the coated 
pellets were analyzed by EDX as shown in Fig. 7. It was 
found that calcium and carbon have higher percentage on the 
surface layer compared to the internal one to confirm the 
formation of dust coating layer.  
 

  

Fig. 6 Visual photos of iron ore pellets before and after steel dust 
coating 
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Spectrum C O Mg Al Si Ca Fe Total

P1 11.0251.291.190.300.6818.9216.61100.00

P2 1.70 35.13  0.19   62.98100.00

 

 

Fig. 7 SEM photo and EDX analysis for lime coating layer of iron ore pellets 
 

B. Reduction Behaviour of Steel Dust Coated Pellets 

Using thermo-gravimetric technique, iron ore pellets coated 
with different steel dust slurry concentrations were reduced at 
985 oC with H2/CO gas mixture. The reduced iron ore samples 
were characterized with X-ray diffraction analysis (XRD), X-
ray fluorescence (XRF), and scanning electron microscope 
(SEM). It can be seen that metallic iron (Fe) is the major phase 
with presence of SiO2, CaO, and Al2O3 as minor components. 
The visual observation of coated iron ore pellets after 
reduction showed that there is no swelling or cluster formation 
taking place on the reduced pellets. The influence of both solid 
dust concentrations per ton iron ore pellets and dust slurry 
concentrations on the reduction behavior and structural 
characteristics of the reduced products was studied in order to 
elucidate the optimum coating conditions. 

1. Influence of Solid Concentration  

The effect of solid concentration per ton iron ore pellets 
(3.0, 4.0, and 5.0 kg steel dust per ton iron ore) at constant 
steel dust slurry concentration was studied. The reduction 
curve of iron ore pellets coated with 3.0, 4.0, and 5.0 kg dust 
per ton iron ore using 10% slurry concentration is shown in 
Fig. 8. It can be seen that the reduction was very fast at early 
stages and gradually decreased till the end of reduction. The 
reduction rate value came very similar for the different 
samples. However, the sample coated with 3.0 kg steel dust 
has a little bit higher reduction rate. The SEM micrographs for 
these reduced pellets are shown in Figs. 9 (a)-(c). At the 
various coating conditions, the metallic iron is homogenously 
formed in a very porous structure with presence of large 
number of micro- and macro-pores forming channels in 

C Al
Fe

Fe

Fe

O
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keVFull Scale 3703 cts Cursor: 0.000 
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structure, which allowed for a good access of reducing gas to 
the oxides grains. Also some little whiskers were observed 
through the porous structure.  

 

 

Fig. 8 Reduction curves of reduced iron ore pellets coated with: 10% 
Steel dust slurry conc. & 3.0 kg per ton iron ore pellets; 10% Steel 
dust slurry conc. & 4.0 kg per ton iron ore pellets; 10% Steel dust 

slurry conc. & 5.0 kg per ton iron ore pellets 

The reduction curve of iron ore pellets coated with 3.0, 4.0, 
and 5.0 kg dust per ton iron ore using 20% slurry 
concentration is shown in Fig. 10. It can be seen that the 
reduction was very fast at early stages and gradually decreased 
till the end of reduction. The reduction rate value came very 
similar for the different samples. However, the sample coated 
with 3.0 kg steel dust has a little bit higher reduction rate. The 
SEM micrographs for these reduced pellets are shown in Figs. 
11 (a)-(c). At the various coating conditions, the metallic iron 
is homogenously formed in a very porous structure with 
presence of large number of micro- and macro-pores forming 
channels in structure, which allowed for a good access of 
reducing gas to the oxides grains. Also some little whiskers 
were observed through the porous structure.  

 

 

Fig. 9 SEM micrographs of reduced iron ore pellets coated with; 10% steel dust slurry conc. & 3.0 kg per ton iron ore pellets; 10% steel dust 
slurry conc. & 4.0 kg per ton iron ore pellets; 10% steel dust slurry conc. & 5.0 kg per ton iron ore pellets 

 

 

Fig. 10 Reduction curves of reduced iron ore pellets coated with: 
20% steel dust slurry conc. & 3.0 kg per ton iron ore pellets; 20% 
steel dust slurry conc. & 4.0 kg per ton iron ore pellets; 20% steel 

dust slurry conc. & 5.0 kg per ton iron ore pellets 
 

The reduction curve of iron ore pellets coated with 3.0, 4.0, 
and 5.0 kg dust per ton iron ore using 30% slurry 
concentration is shown in Fig. 12. For each single reduction 
curve, the rate of reduction was highest at the early stages and 
decreased as reduction proceeds till the end of reduction. The 
reduction rate value came very similar for the different 
samples. However, the sample coated with 3.0 kg dust has a 
little bit higher reduction rate. The SEM micrographs for these 
reduced pellets are shown in Figs. 13 (a)-(c). At the various 
coating conditions, the metallic iron is homogenously formed 
in a very porous structure with presence of large number of 
micro- and macro-pores forming channels in structure, which 

allowed for a good access of reducing gas to the oxides grains. 
Also, some little whiskers were observed through the porous 
structure. 

2. Influence of Slurry Concentration  

The influence of steel dust slurry concentrations (10%, 
20%, and 30%) at constant dust concentration per ton iron ore 
pellets was studied.  

The reduction curve of iron ore pellets coated with 3.0 kg 
steel dust per ton iron ore using 10%, 20%, and 30% dust 
slurry concentration is shown in Fig. 14. Also, as mentioned 
above, for each single reduction curve, the rate of reduction 
was highest at the early stages and decreased as reduction 
proceeds till the end of reduction. From the initial up to the 
final reduction stages, the influence of slurry concentration is 
observed clearly. It was found that the reduction rate 
decreased with decreasing the slurry concentration from 30% 
to 10% gradually. This might be caused by the comparative 
amount of solution that was used to get the same solid 
concentration (3.0 kg dust/ton iron ore). More solution was 
used from 10% slurry compared to other slurries (20% and 
30%) that could relatively isolate the pellet’s surface from the 
reducing gas.  
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Fig. 11 SEM micrographs of reduced iron ore pellets coated with: (a) 20% steel dust slurry conc. & 3.0 kg per ton iron ore pellets; (b) 20% 
steel dust slurry conc. & 4.0 kg per ton iron ore pellets; (c) 20% steel dust slurry conc. & 5.0 kg per ton iron ore pellets 

 

 

Fig. 12 Reduction curves of reduced iron ore pellets coated with: (a) 30% steel dust slurry conc. & 3.0 kg per ton iron ore pellets; (b) 30% steel 
dust slurry conc. & 4.0 kg per ton iron ore pellets; (c) 30% steel dust slurry conc. & 5.0 kg per ton iron ore pellets 

 

 

Fig. 13 SEM micrographs of reduced iron ore pellets coated with (a) 30% steel dust slurry conc. & 3.0 kg per ton iron ore pellets; (b) 30% steel 
dust slurry conc. & 4.0 kg per ton iron ore pellets; (c) 30% steel dust slurry conc. & 5.0 kg per ton iron ore pellets 

 

 

Fig. 14 Reduction curves of reduced iron ore pellets coated with: 
10% Steel dust slurry conc. & 3.0 kg per ton iron ore pellets; 20% 
Steel dust slurry conc. & 3.0 kg per ton iron ore pellets; 30% Steel 

dust slurry conc. & 3.0 kg per ton iron ore pellets 
 
The reduction curve of iron ore pellets coated with 4.0 kg 

dust per ton iron ore using 10%, 20%, and 30% steel dust 
slurry concentration is shown in Fig. 15. The same reduction 
behavior under the effect of slurry concentration was 
observed. 
 

 

Fig. 15 Reduction curves of reduced iron ore pellets coated with: 
10% lime dust slurry conc. & 4.0 kg per ton iron ore pellets; 20% 
lime dust slurry conc. & 4.0 kg per ton iron ore pellets; 30% lime 

dust slurry conc. & 4.0 kg per ton iron ore pellets 

C. Sticking Behavior of Coated Pellets 

The reducibility of iron ore pellets under the effect of 
various steel dust coating conditions are comparatively 
observed as shown in Table II. It was found that the optimum 
reducibility was obtained during the following steel dust 
coating conditions; 
- 20% steel dust slurry & 3.0 kg dust /ton iron ore pellets 
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- 30% steel dust slurry & 3.0 kg dust /ton iron ore pellets 
- 30% steel dust slurry & 4.0 kg dust /ton iron ore pellets 
 

TABLE II 
COMPARATIVE REDUCIBILITY OF IRON ORE PELLETS COATED WITH VARIOUS 

STEEL DUST SLURRY CONCENTRATIONS (O) HIGHEST REDUCIBILITY (X) 

LOWER REDUCIBILITY 

Steel dust slurry 
concentration 

kg steel dust / ton iron ore 

3.0 4.0 5.0 

10% XO X X XX 

20% XO XX XX 

30% OO XO XO 

 
Sticking index measurement (ISO11256) was applied 

comparatively on samples coated with these optimized coating 
conditions. The MIDREX requirement in the clustering test is 
that % plus 25 mm after 10 revolutions should be zero. As 
shown in Table III, all the three samples achieved this 
requirement.  

So further comparison was applied on these three coating 
conditions from the consumption point of view for water and 
coating material. It was found that using the 30% steel dust 
slurry concentration with 3.0 kg dust per ton iron ore pellets 
will be more efficient.  
 

TABLE III 
CLUSTERING INDEX MEASUREMENT FOR IRON ORE PELLETS COATED WITH 

(A) 20% STEEL DUST SLURRY & 3.0 KG LIME DUST /TON IRON ORE PELLETS, 
(B) 30% STEEL DUST SLURRY & 3.0 KG LIME DUST /TON IRON ORE PELLETS, 
(C) 30% STEEL DUST SLURRY & 4.0 KG LIME DUST /TON IRON ORE PELLETS 

a Cluster Mass (g) b Cluster Mass(g) c Mass (g) 

1 229 (after Red.) 1 212 (after Red.) 1 179 (after Red.) 

2 0 (after 5 rev.) 2 0 (after 5 rev.) 2 0 (after 5 rev.) 

3 0 3 0 3 0 

4 0 4 0 4 0 

5 0 5 0 5 0 

6 0 6 0 6 0 

7 0 7 0 7 0 

8 0 8 0 8 0 

IV. CONCLUSIONS AND RECOMMENDATIONS 

 Steel dust was examined as a coating material for iron ore 
pellets. 

 The best dust coating conditions are 30% dust slurry 
concentration with 3.0 kg steel dust/ton iron ore pellets. 

 The recommended steel dust coating can be used as 
secondary coating at DRP. 
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