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Abstract: This paper investigates the use of shop-floor ferrous scrap that contains iron ore as a raw
material for the purpose of making steel products through an in situ carbothermic reduction. The
technique of powder metallurgy (PM) was used for the purpose of studying reduction followed by
densification during sintering. Two sources of iron oxide—ferrous grinding-sludge powder and iron
ore—and three sources of the carbonaceous material—graphite, charcoal, and carbon black—were
considered. The carbonaceous material was added to the iron oxide after calculating the stoichiometric
carbon requirement for facilitating both direct reduction and direct–indirect reduction. This involves
a simultaneous change in weight and volume. During sintering, an in situ reduction of the iron
oxide takes place that often results in severe volumetric changes. The test results revealed the degree
of reduction (DOR) and degree of densification (DOD) of the grinding sludge (GS) to be 15% and
45% higher, respectively, than that of iron ore (IO). This is essentially due to the presence of distinct
iron-oxide phases coupled with a greater amenability to the occurrence of carbothermic reduction.
Indirect reduction also took place and contributed to improving the degree of reduction (DOR) and
degree of densification (DOD) of the final products. Overall, the shape stability of the sintered
grinding-sludge (GS) powder was found to be optimized when parameter settings of graphite (from
25% in excess to 50% in excess) were added, a compaction pressure of 1050 MPa was applied, and a
sintering temperature of 1200 ◦C was employed. Hence, ferrous scrap can be chosen as direct reduced
iron for the manufacture of steel and can also be used for cost-efficient and eco-friendly structural
components with a marginal compromise on both the purity and strength of the ferrous products.

Keywords: carbothermic reaction; sintering; swelling; reduction; densification

1. Introduction

Ferrous metal scrap, such as the powdered oxides of iron oxides, are receptive to
recycling using the powder metallurgy (PM) technique. Recent developments have shown
that an in situ reduction of iron oxides is possible and occurs during sintering prior to
densification [1]. This is true if the sintering is performed in a reducing atmosphere, such as
hydrogen (H2), carbon monoxide (CO), or methane gas (CH4) [2,3]. Another cost-effective
method for densification is carbothermic reduction, wherein a carbonaceous source is
mixed with iron oxide in adequate proportions prior to compaction in order to facilitate
the occurrence of an in situ reduction during sintering [4–7]. This type of recycling is
best-suited to metallic scrap that is available in a powdered form or that can be transformed
into powder. If the new scrap—such as chips, scales, and machining swarf—are oxides of
iron, then pulverization is easy due to its intrinsic brittleness. Studies performed elsewhere
on the pulverization of metallic scrap have reported success at obtaining powder using a
combination of various milling and grinding techniques [8–13].

The powders obtained following the ball milling, target jet milling, or high energy
ball milling of scrap metal chips are often irregular in shape [14]. Upon compaction of the
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powders, the resultant compact—referred to as the “green” compact—has a higher strength
due to the mechanical interlocking of the irregularly shaped powder particles [9,15,16].
Samples sintered in a reducing atmosphere, such as hydrogen (H2) gas, possess a combina-
tion of improved sintered density and mechanical properties [17–20]. This technique has
been reported for the recycling of ultra-high-strength steels, low-carbon steel, alloy steels,
and even cast iron. Metallic scrap powders obtained from the pulverization of mill scales
and chips have also been studied using carbothermic reduction. The source of the reducing
agent is either a solid carbonaceous material (such as charcoal, coke or char fines), or gases
(such as carbon monoxide or methane) [21,22]. The overall purity and activity of carbon in
carbonaceous materials determines the success of the carbothermic reduction route [23,24].

In the present study, the carbothermic reduction technique was used for the purpose
of recycling shop floor metallic waste to facilitate both a comparison and reduction of iron
ores, which represents the traditional method for making iron. The initial studies revealed
that forging scales do not have the potential for solid-state recycling [1,25]. In contrast,
downgraded grinding sludge (GS)/swarf was found to show great promise for the purpose
of manufacturing a sintered product through the solid-state recycling route [26].

Iron ore is the primary source of iron for making steel. Currently, iron and steel plants
have a separate sintering unit for enabling the partial reduction of iron oxide from the iron
ore to enable an overall improvement in energy efficiency and resulting in the production of
steel [11,27]. These units are used to obtain sinters (partially-reduced iron), which are then
used as raw materials in both the iron- and steel-melting furnaces [28–30]. The sintering
operation is quite like the sintering stage in the powder metallurgy (PM) process. However,
the sintering operation in the powder metallurgy (PM) process also helps in densifying
the particulate matter to the desired shape. The iron ore contains stable iron-oxide phases
along with traces of non-metallic impurities (such as the oxides of other metals). The
iron-oxide phases present in both the grinding sludge (GS) and iron ore (IO) are quite
different. However, both can be reduced through the carbothermic reaction [13,31]. This is
the point of commonality that is being systematically explored by using two completely
different compositions of the powders coming from different sources.

This comparison will also shed light on how the mechanism of reduction varies based
on a different combination of phases of iron oxide. Furthermore, one can easily establish
the mode of reduction for the different phases of the iron oxide. Experiments were planned
using the Taguchi experimental design technique and laid out as an L27 experimental array.
The observed weight and volume changes of the pellets after sintering were used for the
calculation of the three quality characteristics, namely the following:

(a) The degree of reduction (DOR).
(b) The degree of densification (DOD).
(c) The reduction swelling Index (RSI).

These parameters are defined below. The effect of the experimental parameters and
their influence on the quality characteristics is also presented and briefly discussed. The
influence of optimal levels of (i) mixing, (ii) reduction in temperature, (ii) use of a reducing
agent, and (iv) sintering atmosphere were also studied and established.

2. Material Details
2.1. Grinding Sludge (GS) Powder

The ferrous metal scrap generated during the shop-floor grinding of micro-alloyed
steel (chemical composition: 4.37 C, 18.16 O, 0.21 Al, 0.87 Si, 1.02 Mn (weight percent),
balance Fe) is referred to as the grinding sludge (GS). The grinding sludge (GS) is dried
to remove water and subsequently roasted for the purpose of converting the organic non-
metallic constituents such as filter-paper residues and lubricating-oil residues into carbon,
which would then be utilized for enabling a carbothermic reaction [1].

After the pulverization of the dried and roasted grinding sludge, it was characterized
for both chemical properties and physical properties. The iron-oxide phases present in
the grinding sludge demonstrated a dominance of the Fe3O4 phase, which is referred
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to as Magnetite (Table 1). The Fe2O3 phase, which was dominant in the iron ore (IO)
powder, was found to be absent in the grinding sludge (GS). The particle size, shape, and
surface area were characterized using the Microtrac S3500 SIA apparatus. Approximately
20 mg (milligrams) of either powder sample was dispersed in 20 mL of methanol and
then sonicated for full 5 min in a 60 Watts sonicator bath. Two samples each from the
grinding-sludge (1 and 2) and iron-ore (1 and 2) powder were used for the measurement of
particle size, particle shape, and surface area. The results for particle size and surface area
are provided in Table 2. Figure 1 shows that segmented and unevenly distributed shapes
of grining sludge whereas iron ore powder is finer and also having uneven distribution.
The average aspect ratio of the grinding-sludge powder was found to be 0.55 (Figure 2),
while that of the iron-ore powder was essentially an irregular particle shape (Figure 1).
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Table 1. Phase distribution in iron oxide source material.

Material

Constituents %

FeTotal Fe2O3 Fe3O4 FeO FeMetallic
Impurity/

Non-Metallic

Grinding Sludge (GS) 75.72 Nil 92.78 1.92 1.44 Nil

Iron Ore (IO) 59.77 84.21 Nil 0.70 Nil

1.73 CaO,
0.24 MgO,
6.56 SiO2,

5.28 Al2O3,
0.16 MnO,

0.31 TiO2, 0.051NiO2,
0.08 P2O5

Table 2. Average particle size and surface area of iron oxide source material.

GS Powder IO Powder

Grinding Sludge 1 Grinding Sludge 2 Iron Ore 1 Iron Ore 2

Average particle size
(µm) 21.77 29.19 22.62 18.59

Surface Area
(m2/g) 7.87 7.95 8.52 8.76
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2.2. Iron Ore (IO) Powder

Indian iron ore (obtained from SESA Goa Limited) was first crushed and subsequently
pulverized in a ball mill. It was then sieved to obtain the desired particle size (<45 µm).
The characteristics of the powdered iron ore, such as (i) iron-oxide phases, (ii) impurities,
(iii) particle size, and (iv) surface area, are summarized in Tables 1 and 2. The average
particle size of the iron-ore powder was 22.62 and 18.59 µm as tested and averaged from two
powder samples. The particle size and shape analysis were conducted using the Microtrac
S3500 SIA apparatus in a manner similar to that for the grinding-sludge (GS) powder. The
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shape analysis revealed a greater variation in aspect ratio and thereby particle shape with a
particle size for the iron-ore (IO) powder than for the grinding-sludge (GS) powder.

2.3. Reducing Agents

The three carbonaceous materials selected for the reduction study include the follow-
ing: (i) graphite, (ii) carbon black, and (iii) charcoal. The graphite powder (Make: SD Fine
Chem.)was procured. Graphite is the purest form of carbon and is available in the flaky
form. The charcoal was prepared from wood sawdust using the pyrolysis technique at
600 ◦C in a laboratory-scale reactor. The carbon-black powder was obtained following
pyrolysis of rubber-crumb waste at 600 ◦C using a laboratory-scale vacuum reactor. The
three reducing agents were then sieved through a 325 mesh (44 µm) sieve. The powdered
reducing agents were characterized using the proximate analysis. Moisture content in the
three chosen reducing agents was precision-measured using procedures detailed in the
ASTM D1509-95 Standard. The measurement required heating the material to 125 ◦C in
an oven for 1 full hour and determining the moisture content on the basis of weight loss.
Volatile matter (%) was measured in accordance with procedures detailed in the ASTM
D3175-11 Standard. This required heating the material to 950 ◦C for 7 min. The subsequent
the loss in weight is a measure of the volatile matter (percent). The ash content was mea-
sured in accordance with procedures detailed in the ASTM D3174-11 Standard. The source
material was heated to 950 ◦C for 1 h to allow for a complete burning of the carbon source
such that the remaining material was ash. The presence of fixed carbon was determined
using the ASTM D3172-07 Standard. A proximate analysis of the chosen reducing agents
is given in Table 3. The elemental distribution in each reducing agent was obtained using
the CHNSO analysis (with the aid of a device used for the rapid determination of carbon,
hydrogen, nitrogen, and sulphur in the materials), which determines the presence of or-
ganic constituents (weight percent) in a sample of the reducing agent. The chosen sample
was heated to 900 ◦C and the gases formed during burning were carefully analyzed in a
Gas Chromatography attachment. The relative percentages were subsequently determined.
Elemental constituents of the reducing agents are tabulated in Table 4.

Table 3. Proximate analysis of reducing agents.

Reducing Agents Moisture
(%)

Volatile Matter
(%)

Ash
(%)

Fixed Carbon
(%)

Graphite 0.67 00.18 01.34 97.81

Charcoal 1.21 21.66 09.86 67.27

Carbon Black 3.20 07.66 09.06 80.08

Table 4. Elemental constituents (percent) of reducing agents from CHNSO analysis.

Elements (%) Graphite Charcoal Carbon Black

C 33.102 66.383 39.714

H 5.589 2.006 9.792

N 2.441 0.328 2.513

O 0.637 6.563 2.838

Fixed carbon is the solid, combustible residue that remains after a carbon source
is heated and the presence of any and all volatile matter is expelled. The fixed carbon
amount in graphite was the highest, demonstrating negligible amounts of moisture, volatile
matter, and ash content. Carbon-black powder contained 80.08% fixed carbon whereas
charcoal powder contained 67.27% fixed carbon. The charcoal powder contained 66.383%
elemental carbon, which was a higher amount than that of the graphite powder and carbon-
black powder. Although graphite had a higher fixed-carbon content than the carbon-black
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powder and charcoal powder, the form and overall reduction affinity of both carbon black
and charcoal were noticeably higher. Thus, in the present study, the selected reducing
agents (charcoal and carbon black) provided a higher degree of reduction and thereby a
better combination of mechanical properties.

A sample calculation of the theoretical requirement of carbon for the reduction of 1 g
of the grinding-sludge (GS) powder and iron-ore (IO) powder is provided as follows:

(A) The grinding-sludge powder [92.78% Fe3O4, 1.92% FeO, 1.44% Fe Metallic, and 3.84% C]

Mechanism 1: Direct–indirect reduction (C=>CO=>CO2)

2Fe3O4 (0.9278) # + C 0.0247 = 6 FeO [0.864] * + CO2 0.088 (1)

FeO (0.0192) + [0.864] + C 0.0738 = Fe [0.692] + CO2 0.272 (2)
#( ) Represents mass obtained from source; *[ ] represents mass obtained from reaction.
Crequired = 0.0247 + 0.0738 = 0.0985
Mechanism 2: Direct reduction (C=>CO)

Fe3O4 (0.9278) + C 0.04812 = 3 FeO [0.8636] + CO 0.1122 (3)

FeO (0.0192) + [0.864] + C 0.1474 = Fe [0.6920] + CO 0.3437 (4)

Crequired = 0.04812 + 0.1474 = 0.1955

(B) Iron-ore powder [84.21% Fe2O3, 0.7% FeO, other oxides, and impurities including
Al2O3 and SiO2]

Mechanism 1: Direct–indirect reduction (C=>CO=>CO2)

2 Fe2O3 (0.8421) + C 0.01055 = 4 Fe3O4 [0.8139] + CO2 0.0386 (5)

2 Fe3O4 [0.8139] + C 0.0211 = 6 FeO [0.7577] + CO2 0.07735 (6)

2FeO [0.7577] + (0.007) + C 0.06392 = 2 Fe [0.594] + CO2 0.2242 (7)

Crequired = 0.01055 + 0.02111 + 0.06392 = 0.09492
Mechanism 2: Direct reduction (C=>CO)

Fe2O3 (0.8421) + C 0.02111 = 2 Fe3O4 [0.8139] + CO 0.04923 (8)

Fe3O4 [0.8139] + C 0.0422 = 3 FeO [0.7577] + CO 0.0984 (9)

FeO [0.7577] + (0.007) + C 0.1278 = Fe [0.5944] + CO 0.2981 (10)

Crequired = 0.02111 + 0.0422 + 0.1278 = 0.1911

3. Design of Experiments Using the Taguchi Technique

The present problem regarding recycling using the powder metallurgy (PM) route
requires a careful analysis of the following parameters: (i) mixing technique, (ii) addition
of a reducing agent (%), (iii) reduction temperature, (iv) reducing agent, (v) compaction
pressure, (vi) sintering condition, and (vii) sintering temperature for process optimization
by reduction to obtain good mechanical properties. The seven selected parameters for
this present study are neatly tabulated with their respective three levels (Table 5). Among
the possible interactions, three parameters—namely, (i) mixing technique, (ii) addition of
reducing agents (%), and (iii) reduction in temperature—were chosen for studying their
effect and/or influence on the following:

(a) The degree of reduction (DOR).
(b) The degree of densification (DOD).
(c) Mechanical properties.
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Table 5. Control parameters with their respective levels used in the study.

Sr. No. Control Parameters
Levels

1 2 3

1 A: Mixing Technique Ball Milling Mixer Grinding Turbula Mixing

2 B: Reducing Agent Addition (%) Stoichiometric 25% excess 50% excess

3 C: Reduction Temperature (◦C) Below
Sintering Temperature 200 100 0

4 D: Reducing Agent Graphite Carbon Black Charcoal

5 E: Compaction Pressure (MPa) 900 1050 1200

6 F: Sintering Condition Vacuum Ar N2

7 G: Sintering Temperature (◦C) 1100 1200 1300

Each parameter has three levels and their outcomes have a linear relationship. The
degree of freedom (DOF) was calculated as follows:

[(main parameters 07 × (3 − 1) = 14) + (interactions 03 × 4 = 12)] = 26.

The most suitable orthogonal array for the present study is an L27 because it also has
26 degrees of freedom (DOFs) [11–13]. Thus, in order to study the effect of the control
parameters summarized in Table 5, a total of 27 runs needed to be conducted.

In the L27 experimental array, 13 columns were available for assigning control param-
eters and their interactions.

(a) Column numbers 1, 2, 5, 9, 10, 12, and 13 were used for the following: (i) mixing
technique, (ii) addition of reducing agent (%),(iii) reduction in temperature, (iv) type
of reducing agent, (v) compaction pressure, (vi) sintering condition (atmosphere), and
(vii) sintering temperature, respectively.

(b) Column 3 and Column 4 were used to calculate the interaction between the mixing
technique and the reducing agent (%).

(c) Column 6 and Column 7 were used for an interaction between the mixing technique
and reduction temperature, and

(d) Column 8 and Column 11 were used for studying the interaction between the addition
of a reducing agent (%) and the reduction in temperature [19,20].

Powders from the two sources were mixed with different proportions of the reducing
agent. The compacted samples were made to study the objectives listed below.

1. To study the mechanisms of reduction; direct–indirect reduction (C=>CO=>CO2) and
direct reduction (C=>CO).

2. To eliminate the effect of noise arising from the batch of powder (namely, different
particle sizes).

3. To eliminate effect of noise arising from positioning of the samples in the furnace.

To accommodate all the considered objectives, a total of eight samples needed to be
prepared for each experimental condition and for each of the materials chosen and studied,
i.e., grinding sludge and iron ore. Thus, a total of 2 × L27 arrays were planned for the
study. The L27 experimental array with three levels of factors is provided in Appendix A.
The outcome of the 2 × L27 experiments will be useful for a comparative study of both the
reduction and densification of the different sources of iron-oxide powder.

4. Experimental Details

In the present experimental study, a calculated amount (stoichiometric; 25% excess
and 50% excess) of the reducing agents, such as graphite, carbon black, and charcoal, was
carefully mixed using either of the mixing methods detailed below (Figure 3).



Metals 2023, 13, 141 8 of 23Metals 2023, 13, x FOR PEER REVIEW 8 of 24 
 

 

 
Figure 3. The mixing techniques followed for mixing powdered iron oxides with the reducing 
agents. 

Ball Milling. Scrap powder and a calculated amount of reducing agent were added 
to the zirconium oxide (ZrO2) container of a laboratory-scale planetary ball mill in order 
to maintain a ball–powder ratio of 5:1. The sample was then mixed for 2 × five minutes at 
100 rpm. The selection of ball–powder ratio, speed of revolution [i.e., r p m] and mixing 
time were primarily selected for mixing the two constituents together and not to lower 
the particle size. 

Mixer Grinder. A commercial household mixer appliance was used for the purpose 
of mixing. The scrap powder and a calculated amount of reducing agent were mixed for 
a total of 10 min over 5 cycles of 2 min on with 5 min off. The purpose of this process was 
to restrict a rise in temperature and prevent the erosion of the blades during mixing. 

Turbula Mixing. A specially designed and fabricated turbula mixer was also used for 
the purpose of mixing. The reducing agent and scrap powder were first added to a glass 
bottle. The glass bottle was then inserted into a rubber cover. This assembly was inserted 
into a container to ensure proper cushioning of the bottle when the container was rotated 
to facilitate mixing. The container was rotated at a constant speed of 30 rpm for a full 10 
min. There was no pause during the turbula mixing, primarily because this technique al-
lows for mixing without a rise in the temperature. 

For every experiment in the L27 array, a total of four powder mixtures were prepared 
and two samples were prepared from each mixture. This is shown in Figure 4. Thus, for 
an experiment, 08 samples were used for sintering. Therefore, a total of 432 samples were 
sintered using 54 sintering cycles [02 sources of iron oxide × L27 experiments × 08 samples 
per experiments = 432 samples]. 
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Ball Milling. Scrap powder and a calculated amount of reducing agent were added to
the zirconium oxide (ZrO2) container of a laboratory-scale planetary ball mill in order to
maintain a ball–powder ratio of 5:1. The sample was then mixed for 2 × five minutes at
100 rpm. The selection of ball–powder ratio, speed of revolution [i.e., r p m] and mixing
time were primarily selected for mixing the two constituents together and not to lower the
particle size.

Mixer Grinder. A commercial household mixer appliance was used for the purpose of
mixing. The scrap powder and a calculated amount of reducing agent were mixed for a
total of 10 min over 5 cycles of 2 min on with 5 min off. The purpose of this process was to
restrict a rise in temperature and prevent the erosion of the blades during mixing.

Turbula Mixing. A specially designed and fabricated turbula mixer was also used for
the purpose of mixing. The reducing agent and scrap powder were first added to a glass
bottle. The glass bottle was then inserted into a rubber cover. This assembly was inserted
into a container to ensure proper cushioning of the bottle when the container was rotated to
facilitate mixing. The container was rotated at a constant speed of 30 rpm for a full 10 min.
There was no pause during the turbula mixing, primarily because this technique allows for
mixing without a rise in the temperature.

For every experiment in the L27 array, a total of four powder mixtures were prepared
and two samples were prepared from each mixture. This is shown in Figure 4. Thus, for
an experiment, 08 samples were used for sintering. Therefore, a total of 432 samples were
sintered using 54 sintering cycles [02 sources of iron oxide × L27 experiments × 08 samples
per experiments = 432 samples].

The mixtures of iron oxide and the powders of the reducing agent were compacted
using a hydraulic press. The die used for compaction was capable of producing cylindrical
pellets with a diameter of 10 mm. To begin, all the dies and punches were generously
lubricated using a mixture of stearic acid and acetone for the purpose of reducing friction
during compaction. For each sample, 2 g of powder mixture was precision-weighed and
filled in the die cavity. The powder mixture was then compacted at room temperature
(25 ◦C) using different compaction pressures ranging from 900 MPa to 1200 MPa and
without the addition of any binder. A dwell time of 2 min was provided at the end of the
stroke. A compaction pressure in the range 600 MPa to 900 MPa, along with a 2 percent
polyvinyl glycol binder and a dwell time of 2 min, was used for the compaction of a mixture
of iron-ore powder and reducing agent. A change in the range of compaction pressure
and binder addition was required for the mixture of iron-ore powder and reducing agent
primarily because a layered structure tended to form in the compact with the occurrence of
fine microscopic cracking when compacted at pressures beyond 900 MPa.
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Figure 4. Tree diagram for the mixing of iron oxide and the carbonaceous material.

The compacted samples (referred to as the “green” samples) were subsequently sin-
tered at different temperatures and sintering atmospheres. The reduction in temperatures
was set at 200 ◦C, 100 ◦C, and 0 ◦C lower than the sintering temperature. Sintering of the
chosen samples was performed in the following environments: (i) vacuum, (ii) argon (Ar)
gas, and (iii) nitrogen (N2) gas. A schematic representation of the sintering arrangement is
shown in Figure 5.
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Given that the sintering cycle for an experimental run involves different reduction
temperatures (for full 30 min) and sintering temperatures (for 60 min), there were essentially
nine types of sintering cycles (as is shown in Figure 6) that were required for sintering in
order to complete the L27 experimental array. The arrangement of samples, positioned
carefully on an alumina plate for sintering, is shown in Figure 7.
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For each experiment, eight samples were prepared for both the grinding sludge (GS)
and iron ore (IO). Four of these samples were prepared for studying the intricacies specific
to the C=>CO=>CO2 mechanism, while the other four samples were prepared for studying
the intricacies specific to the C=>CO mechanism. Among the four samples, two samples
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were prepared from a batch of iron-oxide (IO) powder while the other two were replicas
of the previous samples. The initial (“green”) weight and final (sintered) weight of the
samples were precision-measured using a weighing balance with an accuracy of 0.01 g.
Similarly, the apparent volumes of both the “green” sample and the sintered sample were
determined after the desired dimensions were measured using a vernier caliper having
0.01 mm precision.

5. Results and Discussion
5.1. Degree of Reduction and Degree of Densification

The measured weight and volume of the pellet both before sintering and after sintering
were used for enabling the calculation of the degree of reduction (DOR) and the degree
of densification (DOD). The formulae used for calculating the degree of reduction (DOR)
and degree of densification (DOD) are in accordance with procedures detailed in the ISO
7215:2015 Standard (Expression (11) and Expression (12)).

Degree of Reduction (DOR) =
(

Actual weight change
Theoretical weight change

)
× 100%

=
(

Initial weight−Final weight of sample
Initial weight− Theoretical reduced weight

)
× 100%

(11)

Degree of Densification (DOD) =

(
ρSintered − ρGreen
ρIron − ρGreen

)
× 100% (12)

The calculated DOR and DOD for the L27 experiments were used as “quality” charac-
teristics for the purpose of studying both reduction and densification. The Taguchi analysis
technique was used to determine the conjoint influence of material and process parameters
used in the current L27 array. To that end, the S/N ratio was calculated for the responses
(i.e., quality characteristics) for each of the experiments. A “the larger the better” criterion
was applied to interpret the S/N ratio.

The effects of the seven parameters on the degree of reduction (DOR) and degree of
densification (DOD) were systematically determined. The main effects and/or influence of
these parameters are discussed in the following section.

The effects of mixing technique and quantity of reducing agent on the degree of
reduction (DOR) and degree of densification (DOD) are shown in Figure 8. Mixing the
grinding sludge using a Turbula mixer or mixer grinder along with a reducing agent for
a full 10 min did reveal an insignificant variation in the degree of reduction (DOR) and
degree of densification (DOD) (Figure 8a). Upon increasing the quantity of reducing agent
(proportional to C for the C=>CO=>CO2 mechanism and the C=>CO mechanism), as
is shown in Figure 8b, the degree of reduction (DOR) increased with an increase in the
quantity of the reducing agent. This is due to a noticeable increase in the number of sites
for reduction. An insignificant effect on the degree of densification (DOD) due to the
mixing technique as well as the quantity of the reducing agent added can be observed from
Figure 8b.

A significant upper shift for the degree of densification (DOD) corresponding to the
added reducing agent for the purpose of enabling the C=>CO=>CO2 mechanism of reduc-
tion is easily observed in the main-effect plots of the chosen parameters. The key reason
for the observed improvement is provided. The reducing agent added for the purpose of
the C=>CO reduction was not fully transformed into CO and CO2. The high proportion of
reducing-agent addition in the form of pellets did not allow for the densification to occur
due to the limited contact between the transformed metallic iron phases and the residue
of the unused carbon. This also placed a hinderance on the stepwise transformation of
the iron-oxide phases (Fe2O3=>Fe3O4=> FeO=>Fe) by indirect reduction. A kinetically
efficient indirect reduction was not possible due to the limited exposure of the carbon
monoxide (CO) gas to the iron oxide particles caused by residual carbon. The incomplete
transformation clearly explains the presence of intermediate iron-oxide phases in the pellets
subsequent to sintering. This incomplete transformation decreased the anticipated amount
of volume shrinkage and densification subsequent to sintering. In contrast, the carbon that
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was added to the pellet for the purpose of the C=>CO=>CO2 reduction was better utilized,
resulting in an overall higher metallic transformation and concomitant improved degree
of densification (DOD). A representative scanning electron micrograph (SEM) (Figure 9)
revealed the metallic transformation with a porous microstructure.

The added carbothermic reducing agent in different proportions to facilitate an in situ
reduction of one gram of grinding-sludge powder is provided in Table 6. The amount of
reducing agent in the mixture of iron oxide and reducing agent did increase with both
excess addition and mechanism of reduction. An addition of up to 50% in excess of the
stoichiometric requirement of the reducing agents (0.1477 g for 1 g of grinding sludge (GS))
gave a higher degree of reduction. However, beyond that, the excess added carbon left
behind after sintering resulted in less change in weight during in situ reduction or the
resultant lower degree of reduction. The degree of densification (DOD) was influenced
by the combined and mutually interactive influences of the respective degree of reduction
(DOR) and process parameter settings [1]. Further, the degree of densification (DOD) was
less influenced by the addition of a reducing agent. This behavior is well-correlated with
the formation and presence of a porous microstructure subsequent to sintering (Figure 9).
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Table 6. Amount of carbon added to iron oxide for carbothermic reducing.

Proportion of C
Addition

Mechanism 1
Direct-Indirect; C=>CO=>CO2

Mechanism 2
Direct; C=>CO

Stoic. 25% Excess 50% Excess Stoic. 25% Excess 50% Excess

for Grinding Sludge 0.0985 0.0123 0.1477 0.1955 0.2443 0.2932

for Iron Ore 0.0949 0.1186 0.1423 0.1911 0.2388 0.2866

The reducing agents selected for the present study did not significantly affect or
influence the selected characteristics. Both graphite and charcoal did provide an overall
better-quality characteristic than carbon black, due to their purity coupled with activity for
carbothermic reduction. A reduction in temperature that is 100 ◦C lower than the sintering
temperature is desirable for an improvement in the degree of reduction (DOR). Increasing
the temperature of reduction improves the carbothermic reduction reaction. However,
too high of a temperature (being the same as the sintering temperature) does lower the
degree of reduction (DOR) due to densification. The densification starts immediately after
reduction and does not allow for further direct reaction and indirect reaction to occur. A
reduction in temperature by 100 ◦C lower than the sintering temperature also improved
the degree of densification (DOD). This was due to a higher fraction of reduced iron as
a result of the higher DOR shown in Figure 10a, which allowed for better closure of the
fine microscopic pores that are formed after reduction. The sintering atmosphere changed
from vacuum to inert gas (argon (Ar) or nitrogen (N2)), and the inert-gas flow was found
to be useful for an improvement of both the DOR and DOD because the useful carbon
monoxide (CO) gas (for enabling indirect reduction) would evacuate faster, meaning that
CO gas was not present to enable the occurrence of an indirect reduction in the sample.
An inert-gas flow at 150 mL/min in the furnace tube is comparatively lowered to help in
the evacuation of gases which contribute to the occurrence of indirect reduction. Thus, the
degree of reduction (DOR) and degree of densification (DOD) are noticeably improved for
the case of an inert-gas atmosphere (Figure 10b All figures should be cited in sequential
order). An increase in the sintering temperature revealed a considerable increase in both
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the degree of reduction (DOR) and degree of densification (DOD) up until 1200 ◦C, but
remained unchanged thereafter. This is shown in Figure 10c. A combination of reduction in
temperature of 1100 ◦C and a sintering temperature of 1200 ◦C provided for a high degree
of reduction (DOR). However, the degree of densification (DOD) continued to increase
from 1200 ◦C to 1300 ◦C due to the occurrence of the diffusion-controlled mechanism that
caused pore shrinkage during sintering [5,17].

A change in compaction pressure from 900 MPa to 1200 MPa did not significantly
influence and/or alter both the reduction and densification characteristics. However,
a 1050 MPa compaction pressure was found to result in a noticeably higher degree of
reduction (DOR) and degree of densification (DOD). The effect of material and process
parameters on both the DOR and DOD of iron ore were similar to that of the grinding
sludge (GS). However, the DOR and DOD of the iron ore (IO) sample were significantly
lower than that of the grinding sludge (GS) sample due to the presence of Fe2O3 phases
and impurities.

Among the interaction effects, most of the interaction showed a synergetic interaction
between the mixing technique and a reduction in temperature (Figure 11a,b) on both the
degree of reduction (DOR) and degree of densification (DOD), while the addition of a
reducing agent and reduction in temperature revealed no interaction.

Between the selected parameters for the two key characteristics considered, i.e., the
DOR and DOD, a combination of mixer-grinding technique and the addition of 25% excess
reducing agent did contribute to enhancing reduction and densification. Similarly, a
combination of the mixer-grinding technique for mixing and a reduction of 100 ◦C below
the sintering temperature did reveal a high degree of densification. The mixing technique
did show a significant variation in both the degree of reduction (DOR) and degree of
densification (DOD), with the turbula mixing being a better mixing technique for an overall
improvement of the quality characteristics of iron ore, as is shown in Figure 12a. The
suitability of turbula mixing for the mixing of iron ore and the reducing agent is obvious
given that the particles of iron (whiskers of irregular size) are mixed well with the reducing
agent by way of low-energy mixing. An addition of the reducing agent in 50% excess
of the stoichiometric requirement for reduction did reveal an observably higher degree
of reduction (DOR), while a 25% excess of the stoichiometric requirement did provide a
higher degree of densification (DOD) for the reduction mechanism of C=>CO=>CO2. This
is shown in Figure 12b.
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The flow of inert gas (Ar/N2) during sintering also gave a higher degree of reduction
(DOR) and degree of densification (DOD) for the study on reduction in iron ore (IO). Upon
increasing the temperature of sintering, both the degree of reduction (DOR) and degree of
densification (DOD) increased simultaneously, as is shown in Figure 13b. The levels of the
reducing agent for facilitating a carbothermic reduction, the reduction in temperature, and
the compaction pressure did not considerably change the two quality characteristics (i.e.,
degree of reduction (DOR) and degree of densification (DOD)). Either graphite or charcoal
can be used for enabling carbothermic reduction of iron ore. A reduction in temperature
to 100 ◦C below the sintering temperature, or to the same as the sintering temperature,
is desirable for both the degree of reduction (DOR) and degree of densification (DOD).
A compaction pressure of 1050 MPa was chosen for an overall improvement in the two
quality characteristics (namely, DOR and DOD).
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5.2. Reduction Swelling Characteristics

The degree of reduction (DOR) and degree of densification (DOD) were both analyzed
for parametric effect in the above section. A combination of use of a turbula mixer for
mixing of the iron oxide with the reducing agent, a compaction pressure of 1050 MPa,
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sintering in an environment of argon (Ar) gas, a reduction in temperature of 100 ◦C below
the sintering temperature, and a sintering temperature of 1300 ◦C revealed the highest
degree of reduction (DOR) and degree of densification (DOD). The observed characteristics
for both of the considered and studied mechanisms did reveal the need for a reducing agent.
Experimental observations did reveal that some of the pellets increased more in volume
during reduction than the “green” pellets. This resulted in a low degree of densification
(DOD). Similar observations were reported in earlier studies with specific reference to the
reduction of pellets [22,27,32,33]. A quantification term for this behavior is the reduction
swelling index (RSI). The RSI for each sample was calculated using the Expression (13):

Reduction Swelling Index (RSI) =
Vf − Vi

Vf
(13)

where Vi is initial volume and Vf is the final volume of the pellet. The degree of reduction
(DOR), degree of densification (DOD), and reduction swelling index (RSI) values of the four
pellets samples corresponding to experimental conditions were then averaged to represent
a single DOR, DOD and RSI for an experiment.

The degree of densification (DOD) and reduction swelling index (RSI) for the L27
experiments are plotted against the degree of reduction (DOR) and are shown in Figure 14.
Both the degree of densification (DOD) and reduction swelling index (RSI) were not ordered
systematically with an increase in the order of degree of reduction (DOR). This is because
the parametric setting does tend to influence the degree of reduction (DOR) and degree
of densification (DOD) differently. An increase in the degree of densification (DOD) and
decrease in reduction swelling index (RSI) is roughly proportional to an increase in the
degree of reduction (DOR).

The plots shown in Figure 14a have four distinct groups, with two each correspond-
ing to (i) RSI versus DOR and (ii) DOD versus DOR for the two mechanisms considered.
For samples of any mechanism studied, the reduction revealed a similar degree of reduc-
tion (DOR). Considering a combination of both direct reduction and indirect reduction
[C=>CO=>CO2], the addition of a reducing agent to the iron oxide seems to have an equal
level of reduction completed when compared to that of samples having the reducing agent
and with only direct reduction (C=>CO) being considered.

When considering the C=>CO=>CO2 mechanism for the grinding-sludge (GS) powder,
the pellets with a carbon addition (reducing agent) did reveal a higher degree of densifi-
cation (DOD) for a near-similar degree of reduction (DOR) when compared to those that
underwent the C=>CO mechanism. Similarly, the occurrence of swelling during reduc-
tion was higher for the pellets in which the reducing agents were added for the C=>CO
mechanism. The excess carbon that was left behind following sintering and incomplete
transformation to iron were the two key causes for an inferior degree of densification
(DOD) characteristics of the chosen pellets. The plot for iron ore regarding (i) the degree of
densification (DOD) versus the degree of reduction (DOR) and (ii) the reduction swelling
index (RSI) versus the degree of reduction (DOR) (shown in Figure 14b), did not reveal a
distinct trend for both degree of densification (DOD) and reduction swelling index (RSI)
with increasing degree of reduction (DOR).

This confirms that the process of reduction is controlled by direct reduction as well
as indirect reduction. The additional carbon added for the reduction of iron oxide is more
than is required for the completion of the reduction process for the case of the C=>CO
mechanism (Table 6). The carbon that is not utilized for reduction subsequently hinders
the densification process. Most of the sintered samples of iron ore did reveal evidence
of swelling. For these samples, the sintered density was lower than the “green” density.
Thus, an operational mechanism for better recycling is C=>CO=>CO2, in which the carbon
(i.e., reducing agent) added for the purpose of reduction is used for both direct reduction
and indirect reduction. The mechanism of C=>CO=>CO2 is also useful for an overall
improvement of densification since it provides reduced iron for densification and does not
allow for the presence of reducing-agent residues following reduction.
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5.3. Discussion on Utility of Taguchi Method for Reduction and Densification

The reliability of the Taguchi-based experimental design and analysis approach used
to study the reduction and densification characteristics was considered by predicting
quality characteristics using the Taguchi addictive model. The addictive model, which



Metals 2023, 13, 141 20 of 23

determines the effect of control parameters on S/N ratio of the experiment, is given by the
Expression (14):

ï
(
Ai, Bj, Ck, Dl, Em, Fn, Go

)
= µ + ai + bj + ck + dl + em + fn,+ go + ε (14)

The terms ai, bj, ck . . . go refer to deviation from the µ (mean) caused by the levels Ai,
Bj, Ck . . . Go of factors A, B, C . . . G, respectively, and ε = error.

The iron-oxide source and the reduction mechanism for the reliability test were chosen
based on the best combination of the sources studied and the mechanism chosen. The
additive model formula was used for the calculation of the two quality characteristics
(i.e., the DOR and DOD) for the L27 matrix experimental setting and for the C=>CO=>CO2
mechanism of reduction for the grinding sludge (GS). The predicted values of the degree
of reduction (DOR) and degree of densification (DOD) were precision-calculated from the
respective S/N ratio of the experiments (Expression (15)).

zi =
√

10(ïi/10) (15)

In this expression, zi: represents the predicted value of quality characteristics (degree
of reduction (DOR) and degree of densification (DOD)) for the ith experiment among
the L27 experimental array, ïi: S/N represents the ratio of the experiments, and i: is the
experiment number.

The experimental and predicted values are much closer for the degree of reduction
(DOR) than for the degree of densification (DOD) (Figure 15). However, both quality
characteristics reveal an overall reliability of the Taguchi technique of experimentation. An
analysis based on the Taguchi technique does give a robust solution/optimization for the
present problem by eliminating the considered noise parameter coupled with best-setting
among the levels of control parameters.
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6. Conclusions

The occurrence of in situ reduction and densification during the sintering step was
confirmed through both experimental studies and empirical analysis. The key experimental
outcomes from this study are the following:
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1. The source of iron oxide shows distinct characteristics of sintered pellets. Grind-
ing sludge as a source of oxide powder shows a higher degree of reduction (DOR)
when compared one-on-one to a conventional oxide source (the iron ore used for the
production of iron).

2. Graphite content in stoichiometric proportion gives the highest degree of densification,
whereas an excess addition of graphite (between 25% in excess and 50% in excess)
improves the degree of reduction (DOR) but creates a porous structure due to the
formation and presence of excessive gaseous reaction products. Furthermore, an
optimum graphite addition (25% in excess) helps to achieve the highest degree of
reduction (DOR) and degree of densification (DOD).

3. An intermediate compaction pressure of 1050 MPa and a sintering temperature of
1200 ◦C were found to be the optimum levels for reducing and sintering (achieving
highest degree of reduction and degree of densification) of cylindrically shaped
components from scrap powder.

4. The degree of densification (DOD) is not significantly influenced by the degree of
reduction (DOR) but is strongly influenced by the sintering parameters. The degree
of reduction and the degree of densification (DOD) are higher for grinding sludge
(GS) than for iron ore (IO) due to the presence of a higher quantity of unstable phases
(Fe3O4) in the grinding sludge, which eases reduction.

5. The mixing technique, compaction pressure, and a variation in the reduction tem-
perature with respect to sintering temperature was not found to be influential in
improving the degree of densification (DOD) and degree of reduction (DOR) for any
of the two mechanisms of reduction studied.

6. Carbon (particularly graphite) added to iron oxide and the C=>CO=>CO2 mechanism
is utilized fully through both direct reduction and indirect reduction. The degree of
densification (DOD) for the C=>CO mechanism of reduction was noticeably lower in
all the experimental runs due to the presence of excess residual carbon subsequent
to sintering.
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Appendix A

Table A1. Experimental conditions for L27 runs.

Exp. No. A: Mixing
Technique

B: Reducing
Agent

Addition (%)

C: Reduction
Temperature (◦C)
below Sintering

Temperature

D: Reducing
Agent

E: Compaction
Pressure (MPa)

F: Sintering
Condition

G: Sintering
Temp
(◦C)

1 Ball Milling Stoic. 200 Graphite 900 Vacuum 1100

2 Ball Milling Stoic. 100 Carbon Black 1050 Ar 1200

3 Ball Milling Stoic. 0 Charcoal 1200 N2 1300

4 Ball Milling 25% excess 200 Carbon Black 1050 N2 1300

5 Ball Milling 25% excess 100 Charcoal 1200 Vacuum 1100

6 Ball Milling 25% excess 0 Graphite 900 Ar 1200

7 Ball Milling 50% excess 200 Charcoal 1200 Ar 1200

8 Ball Milling 50% excess 100 Graphite 900 N2 1300
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Table A1. Cont.

Exp. No. A: Mixing
Technique

B: Reducing
Agent

Addition (%)

C: Reduction
Temperature (◦C)
below Sintering

Temperature

D: Reducing
Agent

E: Compaction
Pressure (MPa)

F: Sintering
Condition

G: Sintering
Temp
(◦C)

9 Ball Milling 50% excess 0 Carbon Black 1050 Vacuum 1100

10 Mixer Grinding Stoic. 200 Carbon Black 1200 Ar 1300

11 Mixer Grinding Stoic. 100 Charcoal 900 N2 1100

12 Mixer Grinding Stoic. 0 Graphite 1050 Vacuum 1200

13 Mixer Grinding 25% excess 200 Charcoal 900 Vacuum 1200

14 Mixer Grinding 25% excess 100 Graphite 1050 Ar 1300

15 Mixer Grinding 25% excess 0 Carbon Black 1200 N2 1100

16 Mixer Grinding 50% excess 200 Graphite 1050 N2 1100

17 Mixer Grinding 50% excess 100 Carbon Black 1200 Vacuum 1200

18 Mixer Grinding 50% excess 0 Charcoal 900 Ar 1300

19 Turbula Mixing Stoic. 200 Charcoal 1050 N2 1200

20 Turbula Mixing Stoic. 100 Graphite 1200 Vacuum 1300

21 Turbula Mixing Stoic. 0 Carbon Black 900 Ar 1100

22 Turbula Mixing 25% excess 200 Graphite 1200 Ar 1100

23 Turbula Mixing 25% excess 100 Carbon Black 900 N2 1200

24 Turbula Mixing 25% excess 0 Charcoal 1050 Vacuum 1300

25 Turbula Mixing 50% excess 200 Carbon Black 900 Vacuum 1300

26 Turbula Mixing 50% excess 100 Charcoal 1050 Ar 1100

27 Turbula Mixing 50% excess 0 Graphite 1200 N2 1200
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