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Abstract: Mill scale (MS) has a potential to use as an iron
source because of its high iron content. MS mainly con-
sists of a mixture of iron oxides, metallic iron and other
base metal oxides. MS is formed on the surfaces of steel
ingots during continuous casting as a waste material. In
this study, the use of MS as an iron source for the pro-
duction of carbon-free iron containing alloys (unalloyed
iron, Fe-Ni, Fe-Cr-Ni, Fe-Cr-Ni-Mo) via a metallothermic
reduction process was investigated. Thermodynamic cal-
culations and the experimental studies were performed
on the basis of 100g of MS. The effects of different
stoichiometric amounts of MS and aluminum (Al) pow-
ders (as reductant) were investigated for the production
of unalloyed Fe. While, different amount of metal oxide
ratios and their effects on metal recoveries, compositions
and microstructure of final alloys were studied during Fe-
based alloys production. The highest iron recovery during
unalloyed Fe production was obtained as 95.14% by
using 100 g of MS and 100 % stoichiometric Al (28.6 g)
containing mixture. In Fe-based alloys production series,
the highest metal recovery values were reached up to
95.0 % for Fe, 95.1% for Ni, 68.3 % for Cr and 77.2% for
Mo, respectively.
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Introduction

Mill scale (MS) is a waste material generated during the
continuous casting of steel [1]. It is an oxide layer which
forms on the surface of the steel ingots during cooling.
This layer contains a mixture of iron (II) and iron (III)
oxides with high iron content [2]. Generally, about 35—
40kg of MS can be formed per one metric ton of hot
rolled steel produced [3]. MS can be a beneficial resource
when it is recycled. Annually, 13.5 million metric tons of
MS arise in the World [4]. Most of the steel production
companies do not reevaluate MS which is arisen during
their production routes. When the volume and the quan-
tity of produced MS are considered, this fact brings out
the necessity and the interest in finding an economical
way to reprocess it [5].

There are several utilization methods of MS as an
additive. Such as, MS can be used as a fine aggregate in
cement, as an adsorbent of lead ions from aqueous solu-
tions, as an iron oxide source for sintering applications,
and as a raw material for the sintering process in the
integrated steel plants [1]. MS can be also reused via
another application, namely the processing of MS into
nano-scale particles. These particles can be used for
hydrogen fuel cell, medical imaging and water remedia-
tion technologies [6]. Furthermore, MS originating from
steelmaking plants can be employed to prepare some iron
oxide pigments via specific precursors [3]. It can be also
evaluated as an admixture in electromagnetic interfer-
ence shielding and absorbing building materials [7]. The
use of MS as iron source in direct reduction method is a
relatively newer method compared to the carbothermal
reductive smelting process [2]. Some of the mentioned
methods above are in laboratory scale, on the other
hand the processes which are available for high-volume
production are limited such as filler in road construction,
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aggregate in cement, iron source for reductive smelting
and iron source for direct reduction [1, 2].

Metallothermic reduction is an alternative method for
carbothermal reduction for metal production. The main
principle is based on the reduction of a metal from its
metal oxide by another metal which has a greater affinity
to oxygen. Metallothermic reduction is the second subset
of metallothermic reactions; the first subset refers to the
metallothermic synthesis from elemental reactants and
the third subset refers to the synthesis reaction of a
compound from the products of two or more metallother-
mic reduction reactions in the same batch with/without
the existence of elemental additions [8]. Metallothermic
reactions can be performed in a system reacting in the
mode of wave propagation because of heat transfer from
hot products to cold reagents after local initiation (igni-
tion) of the process. Metallothermic reduction has many
advantages such as simple operation, less process time,
high purity carbon-free products etc. It can be applied to
produce a wide range of metals and alloys including
ferroalloys and intermetallic compounds. Also metal-
lothermic processes has many prominent properties
when they are compared with carbothermal reductive
smelting processes such as low energy requirement and
low cost. In a metallothermic process, the ignition starts
reactions and it propagates throughout the reactant mix-
ture to obtain the desired product. However, the disad-
vantages of the process such as inhomogeneous or
unreacted products due to undesirable reaction rates
can be overcome by changing some parameters such as
ignition temperature, particle size, additives and reaction
atmosphere etc. [9-11 and 12]. Multi-component alloying
is widely used in the development of many materials
operating under extreme conditions (high temperatures
and loads), in particular iron- and nickel-based super-
alloys [13].

In the present study, it was aimed to produce carbon-
free Fe-based alloys via metallothermic reduction starting
from a mixture containing MS obtained during continu-
ous steel casting. Due to non-carbon containing reduc-
tion, the carbon footprint value of the process is obtained
much lower than the commercial production process.

Theoretical background

In a metallothermic process oxygen affinity of a metal is
one of the most important parameters. In order to obtain
Me; given in eq. (1), Me; must have higher oxygen affinity
than that of Me;.
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Adiabatic temperature (T.q) and specific heat (S.H.) are

the other important thermodynamic parameters to predict

the self-sustainability of a metallothermic reaction. If the

Taq of reaction is higher than 1527 °C (1800 K), the reac-

tion is in a self-sustainable mode [14].

Specific heat is calculated by dividing the enthalpy of
the reaction at 25 °C by the sum of the molecular weights
(MW) of the reaction products. The interactions between
the reaction products and the specific heat values are
given below.

— Specific heat <2250 J/g refers to insufficient heat to
melt the charge and to separate metal and slag and,
the reaction is not self-sustainable,

— Specific heat>4500 J/g refers to a violent reaction
and may even be explosive, so it may cause to loss
of reaction products by scattering,

- Specific heat: 2250-4500 J/g refers to a controlled
and self-sustaining metallothermic reaction (it is
desired.) [14].

Some of the commonly used metallothermic reactions
and their specific heat values are given in egs. (2)-(6),
respectively.

Fe,03 + 2A1 — 2Fe + Al,05(S.H. :3988] /g) @)
3Fe0 +2Al — 3Fe + Al,05(S.H. :3243] /g) 3)
3NiO + 2A1 — 3Ni + ALO5(S.H. :3440] /g) (4)
Cr,05 + 2A1 — 2Cr + Al,05(S.H. :2626] /) (5)
MoO; +2A1 — Mo + AL,O5(S.H. :4622] /g) 6)

The energy values of the given reactions were calculated
using the “Reaction” module of FactSage™ 6.4 “The
Integrated Thermodynamic Databank System”. The pos-
sible phases with amounts of products and the adiabatic
temperature of products were simulated using the
“Equilib” module of FactSage™ 6.4. This module utilizes
the Gibbs energy minimization method [15]. Here, FactPS,
FToxide, SGTE (2014), and BINS databases were selected
for calculations, and conflicts were collated manually.
Thus, the results were given due to the most probable
reactions in the selected conditions.

Experimental

MS which was utilized in this study was formed in the
continuous steel casting plant of Colakoglu Metalurji and
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it was of nonoily nature. The other raw materials used in
the metallothermic reactions were NiO (99.0% purity
with 45pum average particle size), Cr,0; (99.0 % purity
with 150 pm average particle size), MoxOy (98.0 % purity
with 150 um average particle size) and Al (96.0 % purity
with 200 pm average particle size).

In the experiments, a mixture of mill-scale and Al
powders with or without NiO, Cr,0;, Mo,O, additions
were used in order to produce unalloyed Fe, Fe-Ni, Fe-
Ni-Cr, and Fe-Ni-Cr-Mo alloys with selected compositions.
The weight of the initial mixtures were depending on the
basis of 100 g of MS. The raw materials were dried in a
drying oven at 105 °C for 60 min and were mixed by using
a turbula mixer for 15 min. All experiments were con-
ducted in a copper crucible having an inner diameter of
40mm and height of 140mm. A power supply (called
variac) was employed for the ignition of metallothermic
reactions. The flowchart of the experimental studies is
given in Figure 1.

Raw materials and products were analyzed by wet
chemical analysis due to EPA Method 3050B by using an
atomic absorption spectrometer (AAS, Perkin Elmer
Analyst 800). The phase compositions of the samples
were characterized by X-ray diffractometer (PANalytical
PW3040/60, Cu Ka radiation) equipment with X'Pert
HighScore + software and ICDD, ICSD databases.

Micrographs of the selected alloys were taken by
using Olympus GX71 optical microscope. Prior to taking
the micrographs, metallothermic produced alloys were
cut, hot molded, grinded and polished. SiC grinding
papers from 320 grit to 2500 grit and 2 pm Al,O5 polishing
solution were used for grinding and polishing stages. 2
vol.% HNOs;-containing Nital Solution (balance is etha-
nol) was prepared and used for etching to create contrast
on the surfaces of the alloys.

Results and discussion

Thermodynamic simulation results
and discussion

Before the experiments, a thermochemical simulation
was performed to estimate the effect of precursor com-
positions on the process. Effect of Al addition to the
reactant mixture of MS on the obtained products under
air atmosphere was investigated. With increasing Al
addition into the green mixture (61.19 g Fe,0; + 31.63 g
FeO + 3.56 g Fe), Fe contents in the liquid alloy slightly
increased. Since the adiabatic combustion temperatures
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Figure 1: Flowchart of the experimental studies.

of the metallothermic reactions obtained by the high
energetic precursor mixtures change between 2227 and
3227°C, the combustion products (alloy and oxide)
would be in liquid-phase state. Thus, the melting tem-
perature difference clearly would result in a very good
separation of the multiphase alloy and the slag phase.
The systems having appropriate conditions were identi-
fied and the experiments were carried out. Figure 2
presents MS reduction simulation, Al addition increases
adiabatic temperature to 2830°C. At this temperature
iron is in liquid phase, after 28 g Al addition it also
becomes in liquid phase and pollutes the iron structure.
Thus, 28 g Al addition was determined 100 % stoichio-
metric ratio for this process.

Figure 3 shows the change of adiabatic temperature
and amount of possible products with Al addition. The
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Figure 2: The change of adiabatic temperature with the increase in Al reductant amount on mill scale - Al reactant system.
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Figure 3: The change of adiabatic temperature with the increase in Al reductant amount on mill scale - NiO - Cr,05 - MoOs - Al reactant

system.

estimated alloy composition was selected due to the
composition range of Grade 316 L stainless steel.

The adiabatic temperature of the products increases
with the increasing in Al addition. Also metal to metal
oxide ratio is increased too. However, with Al addition
higher than 40 g, the final liquid metal product can con-
tain unreacted Al. This can affect the composition

difference between the estimated and produced. The stoi-
chiometric requirement of Al amount was calculated as
42.2 for given example (100g MS+14.22g NiO+25.25g
Cr,05+3.34g MoOs). At this point adiabatic temperature
is 2700 °C which is higher than 1527 °C. Thus, the melting
temperature difference clearly will result in a very good
separation of the multiphase alloy and the slag phase.
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In a carbothermic reduction base process, a carbon
containing source is utilized for reduction. For the
given example in Figure 3, the stoichiometric amount
of carbon is measured as 11.42g. Reduction reaction
and melting of the final product are both endothermic
processes. So, totally 390.35 kJ of energy is required
due to the total reduction and heating of the final
liquid metal product at 1700°C. Theoretically, 0.95
mol of CO, gasses having a volume of 21.29 cm® can
be produced. For each 80.21g of Fe-based produced,
41.85g of CO, gasses will be produced. So, 522kg of
CO, gasses can be produced during the production of 1
metric ton of alloy.

Experimental results and discussion

Table 1 displays the chemical analysis of the MS. XRD
pattern of MS was given in Figure 4. According to the
figure, MS contains hematite (Fe,03), magnetite (Fe;0,)
and wustite (FeO). Addition to MS, metal oxides and
metallic Al powders were also used and their XRD pat-
terns were given in Figure 5.

Table 1: Chemical analysis of mill scale (wt.%).
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The impurities in NiO are Cos0,, MgO, SiO,, CaO,
Na,0, and Fe,0; with concentrations of 450 ppm Co,
200 ppm Mg, 110 ppm Si, 90 ppm Ca, 80 ppm Fe, and
80 ppm Na. Mo,Oy contains 56.5% MoOs;, 18.6 % MoO,,
22.9% Mo,40;1, 1.3% SiO, and 0.7% Cu,O by weight,
respectively. The mass percent of impurities in Al pow-
ders are 1.4 % Fe, 1.2% Mg, 0.4 % Si, 0.4 % Cu and 0.4 %
Zn, respectively.

In order to produce unalloyed Fe, a trial-and-error
procedure was utilized. The first initial mixture was
contained 100g of MS and 100% stoichiometric Al
(28.6 g). Metallic recovery value was measured as
95.14 % with a total mass loss of 1.24 %. The mass losses
were due to the scattering (from the exothermic reac-
tion) and volatilization (from high adiabatic tempera-
ture). In the second mixture, the weight of MS was
increased to 110 g with same amount of Al. The metal
recovery value was decreased to 92.25 % (while the mass
loss occurred as 1.37%). Then weight of mixture was
changed and experiments were repeated with 200 g of
MS containing mixtures. The metal recovery values were
measured as 92.32%, and 73.64 %, respectively. While
the material losses were as 5.25 %, and 4.66 %, respec-
tively. The highest metal recovery value was obtained
with the mixture containing 100 g of MS and the 100 %
stoichiometric amount of Al. This starting mixture was

Total iron Fe2+ Fe3+ Fe® Cu  Sio, mn utilized for the further Fe containing alloy production
experiments. All metal recovery ratios were calculated
71.04 24.59  42.80 3.65 075 0.39  0.14 through eq. (7).
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Figure 4: XRD pattern of mill scale.
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Figure 5: XRD patterns of selected reactants and reductant.

Metal recovery =
y The weight of metal after SHS process(g)
The weight of aspect metal after SHS process(g)

7)

100

Stainless steel is mainly different from unalloyed steel in
terms of the amount of alloying metals (chromium,
nickel, molybdenum etc.). Unprotected and unalloyed
steel is readily rusted when it is exposed to air and
moisture. This iron oxide film (rust) is active and accel-
erates corrosion by forming more iron oxide and, due to
the greater volume of the iron oxide, it tends to flake
and fall away. Stainless steels contain sufficient chro-
mium to form a passive film of chromium oxide which

Table 2: Stainless steel grades.

prevents further surface corrosion and blocks corrosion
from spreading into the metal's internal structure.
Chromium oxide film and steel bond very strongly and
remain attached to the surface due to the similar size of
the steel and chromium oxide [16]. Because of these
properties, in the second set of the experiments, produc-
tions of Fe-Ni, Fe-Cr-Ni and Fe-Cr-Ni-Mo alloys were
investigated by using a mixture of MS and Al with NiO,
Cr,05 and MoyOy.

In second set of the experiments, it was aimed to
produce Fe-based alloys between the composition lim-
its of ferronickel and selected stainless steel alloys
(Grade 201, 301, 304, 305, 316, and 317). The stainless
steel standards were given in Table 2. The list of

Steel grade Chemical composition, % Others
C Mn Si Cr Ni P S
201 0.15 5.5-7.5 1.0 16.0-18.0 3.5-5.5 0.06 0.03 0.25 N
301 0.15 2.0 1.0 17.5-22.0 6.0-8.0 0.045 0.03 -
304 0.08 2.0 0.7 18.0-20.0 8.0-12.0 0.045 0.03 0.10 N
305 0.12 2.0 1.0 17.0-19.0 10.5-13.0 0.045 0.03 -
316 0.08 2.0 1.0 16.0-18.0 10.0-14.0 0.045 0.03 2.0-3.0 Mo
317 0.08 2.0 1.0 18.0-20.0 11.0-15.0 0.045 0.03 3.0-4.0 Mo
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Table 3: Weight of initial mixtures, final products and total metal recovery ratios for metallothermic stainless steel alloys.

Exp. no  Grade Initial Mixture, g  Final Products, g  Total Metal Recovery, % Scattered Ratio, %
Mill Scale Al NiO Cr,03 MoO; Alloy Slag

5 FeNi 100 37.7 25.4 - - 73.2 68.8 78 10.9

304 S.S. 100 40.8 12.5 25.9 - 88.0 86.6 89 3.0
8 305 S.S. 100 41.8 15.4 26.6 - 89.7 80.1 88 1.7
10 201 S.S. 100 38.0 5.7 22.5 - 80.2 85.0 88 6.8
12 301 S.S. 100 38.8 8.3 23.2 - 81.5 88.7 87 2.4
13 316 S.S. 100 42.2 14.2 25.2 3.3 88.5 82.3 87 2.8
14 317 S.S. 100 44.7 16.6 28.6 5.1 94.0 86.5 87 4.2

experimental parameters, weight of the initial mixtures
and final products were given in Table 3. NiO addition
into the green mixtures decreased the total metal
recovery. On the other hand, Cr,0; addition into the
green mixtures decreased the scattered ratio due to the
lower exothermicity of Cr,0O5; reduction. Metal recovery
ratios for the alloying metals in metallothermic Fe-
based alloys were shown in Table 4. Fe recovery
decreased with the NiO addition into the green mixture
but it was ascended with the Cr,0; addition. The high-
est metal recoveries were measured as 95.00% Fe,
95.11% Ni, 68.25% Cr and 77.22% Mo by weight,
respectively. The distribution of metallic phases was
given in Figure 6. The distribution of metals among
the alloy, slag and scattered part were calculated by
eq. (8), metallic distributions were calculated due to
the chemical compositions and the weight of products
distribution ratios of metal in alloy are also known as
production efficiency of each metals. The compositions
of the final alloys were measured by wet chemical
analysis and given in Table 5. Ni contents in the
final alloys were obtained within the limits of the

Table 4: Metal recovery ratios for the alloying metals in metal-
lothermic stainless steel alloys (%).

Exp. no Grade Fe Cr Ni Mo
5 FeNi 79.39 - 74.09 -

304 S.S. 92.60 66.51 95.11 -
8 305 S.S. 95.00 54.21 91.20 -
10 201 S.S. 85.74 68.25 87.18 -
12 301 S.S. 91.42 60.00 90.25 -
13 316 S.S. 92.75 55.06 88.69 77.22
14 317 S.S. 87.42 57.74 81.31 69.83

standard compositions (estimated values). However,
Cr and Mo contents were measured much less than
the expected values. Cr contents in the final alloys
were obtained between 60.44% and 85.10% of the
estimated alloy compositions, while, Mo composition
values were obtained 74.29-87.25% less than the
expected values.

[DMe] or (DMe) =
[%0Me] x weight of alloy or(%Me) x weight of alloy
wt.%Me in initial mix. x weight of initial mix.

(8)

Optical microscope micrographs of the selected alloys
were shared in Figure 7. Two different phases can be
easily seen in Figure 7a. Lighter areas represent a-Fe
phase (higher aluminum containing solid-solution),
and darker areas represent y-Fe phase (max 4% Al dis-
solved solid-solution). The microstructure images of
other alloys (Fe-based alloys) were similar. The darker
areas represent Cr-rich a-solid solution, and the lighter
areas represent Fe-Ni-rich y-solid solution. In Figure 7d,
there are three different phases that were detected in the
microstructure. Cr composition is higher in the darker
grey areas, while composition of Al is higher in the
lightest grey areas.

Conclusions

In this study, Fe-based alloys were produced via metal-
lothermic reduction process from MS which is formed in
steel continuous casting plants. In metallothermic reduc-
tion experiments (MS-NiO-Cr,05-Al system), NiO addition
did not have any positive effects on the metal recovery.
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Figure 6: Metal distributions in alloy, slag and scattered parts (Experiment numbers and corresponding experimental conditions are given in

Table 5 in detail.).

Table 5: Compositions of metallothermic process stainless steel
alloys (wt.%).

Exp. no Grade Fe Cr Ni Mo Al
5 FeNi 77.05 - 20.0 - 2.9
7 304 S.S. 74.75 13.26 10.51 - 1.4
8 305 S.S. 75.24 10.89 12.18 - 1.7
10 201 S.S. 75.95 12.97 4.82 - 6.2
12 301 S.S. 79.69 11.57 7.15 - 1.5
13 316 S.S. 74.45 10.62 11.07 1.9 1.8
14 317 S.S. 66.07 11.90 11.17 2.5 8.3

However NiO + Cr,0; addition made an increase in the
metal recoveries. For the experiments to produce unal-
loyed iron, the highest total metal recovery was obtained
as 95.14 % for the experiment conducted with 100 % stoi-
chiometric MS (100g) and 100% stoichiometric Al
(28.6 g). Between the experiments to produce Fe-based
alloys, the highest metal recovery values were measured
as 95.00 % Fe, 95.11% Ni, 68.25% Cr and 77.22% Mo by
weight, respectively.
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Figure 7: Optical microscope micrographs of the selected Fe-based alloys which were produced by using metallothermic reduction process
(A: Unalloyed iron, B: 304, C: 305, D: 201, E: 301, F: 316, G: 317).
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