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Abstract—The development of small-scale iron production has expanded the output of cast products in Rus-
sia. It is often necessary to strengthen the surface of cast-iron components. To that end, special alloys and
metallic powders are applied to the working surface. In addition, strengthening by decarburization in the solid
state offers a short cut from the ore to the final iron component; it is even more efficient than the familiar path
from ore to steel. In the present work, such structural conversion of cast-iron components is considered.
Experiments are conducted in two stages: (1) production and preparation of cast-iron blanks from industrial
waste; (2) solid-state decarburization of the cast-iron blanks. The initial iron source consists of rolling scale
and iron oxide formed in the surface etching of rolled sheet at AO ArcelorMittal Temirtau. Analysis of the
microstructure and the change in the mass transfer between the cast-iron plate and the applied layer of oxide
powder yields consistent results and indicates that solid-state decarburization of cast iron and finished cast-
iron components is feasible.

Keywords: iron, cast iron, steel, ore, coal, carbon, reduction, smelting, solidification, decarburization, metal
structure
DOI: 10.3103/S0967091218110116

Iron and carbon are the most common elements on
the planet and so serve as the basic resources in metal-
lurgy. The extraction and use of iron ore and coal pro-
vides the basis for one of the most important human
activities: iron and steel production. Today, 80% of the
global output of iron and steel is produced in the sys-
tem consisting of a blast furnace and an oxygen con-
verter, using coke [1].

The stable development of the iron and steel indus-
try and its prospects depend on the efficiency of the
blast-furnace process. Iron-ore pieces and selected
coke are the basic components of the blast-furnace
batch. The complex heat and mass transfer in the
working space of the blast furnace begins with the
injection of hot blast through the tuyeres around the
circumference of the hearth (the furnace’s lower sec-
tion), where incomplete combustion of the coke and
fuel forms hot reducing gas at 2000–2200°C. The hot
reducing gas, containing CO, H2, and N2, transmits
heat and acts as a reducing agent: it is responsible for
heating of the batch column, reduction of the iron,
melting of the reduced batch, the formation of iron
and slag melt, and its discharge through the furnace
mouth at an average temperature of 200°C. As we see,
the thermal efficiency in the blast furnace is high
(90%). In addition, the blast-furnace gas produced is
used (after purification) as fuel for heating the arc and
is injected at the bottom of the furnace. In this closed

cycle, all the input and output parameters are fixed,
monitored, and used to control the processes [2].

Coke plays an important role, not only as a gener-
ator of thermal energy and reducing gases but also as
coke packing in the furnace’s high-temperature zone,
maintaining the opposing f lows of molten batch and
hot reducing gas. Filtration of the slag and metal melt
through this packing ensures complete reduction of
the metal and its carburization by the solid carbon in
the coke. The composition of the slag and metal melt
is practically completed here. Therefore, after filtra-
tion through the coke bed, the blast-furnace slag has a
low content of unreduced metals (no more than 1.0%)
in comparison with the slag in other metallurgical pro-
cesses. The unavoidable carburization of iron in the
blast furnace, which is a highly efficient and highly pro-
ductive system, ends with the discharge of ferrocarbon
alloy melt (hot metal), containing 4.2–4.5% C. Then
the hot metal passes to oxygen converters for oxidative
processing, with the goal of decarburization and steel
production. As we see, carburization and decarburiza-
tion of the ferrocarbon melt are integral to traditional
iron and steel production. The iron and steel have dis-
tinctive characteristics in the molten and solid state.

Steel is widely used in manufacturing on account of
its viscoplasticity, deformability and strength (after
appropriate treatment). Cast iron is hard and brittle,
which limits its use in the construction industry and
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Table 1. Composition of batch components, wt %

Component Fetot Fe MnO SiO2 Al2O3 CaO S P C

Rolling scale 67.65 28.25 0.24 — — — 0.017 0.02 —
Iron oxide 68.0 — — — — — 0.02 0.03 —
Charcoal — — – 1.65 0.62 0.2 0.37 — 95
elsewhere. The production of cast-iron components
and machine parts is expanding because of the bene-
fits of iron: it is readily fusible and flows well when
molten. In addition, the mechanical characteristics of
cast iron are largely determined by the structural
transformations of the carbon present. To improve the
structural characteristics of cast iron, the production
of high-strength cast iron by conversion of the graphite
from plate to ball structure under the action of special
modifiers is currently under development [3, 4]. High-
strength iron with globular graphite is characterized by
yield point and tensile strength higher than in steel and
relatively high elastic modulus. The f luidity of the melt
and high strength of the cast iron permit expansion in
the range of iron products [5]. The production of
foundry iron with good plasticity and forging plasticity
is also under development: this process depends on
motion and structural transformation of the graphite
in the iron under the influence of heating and modifi-
ers [6, 7]. The size of the graphite structures is
decreased, and the iron takes on pearlitic structure,
characterized by ductility and plasticity. The forma-
tion of malleable iron is also facilitated by partial
transfer of the dissolved carbon through the outer sur-
face of the cast iron on account of reaction with oxide
components. That accelerates the formation of small
graphite structures.

Such structural transformations of the ferrocarbon
alloy and its conversion to construction materials
meeting manufacturing requirements are associated
primarily with motion and transformation of the car-
bon, which has high atomic mobility. The radius of the
carbon atom (0.077 E) is markedly less than that of
iron (0.127 E). Therefore, it penetrates easily into the
crystal lattice of iron through the interatomic gaps. On
penetrating into the λ Fe structure, it forms a solution
corresponding to ferrite phase. On dissolving in γ Fe,
it forms austenite phase. In addition, it forms a chem-
ical compounds with iron: cementite Fe3C, in which
the carbon concentration is 6.67%.

The carbon concentration in ferrite is 0.025–
0.10%, depending on the temperature. In austenite, as
in the interstitial solid solution in γ Fe, the carbon
concentration reaches 2.14% at 1147°C and 0.8% at
727°C. On cooling the hot metal from the blast fur-
nace, solid structures consisting mainly of a solution
of cementite in austenite are formed. We also note the
appearance of ledeburite (mean concentration 4.2–
4.5%). As is evident, carbon, which is present in the
hot metal in solution and as chemical compounds, is
STEEL IN TRANSLATION  Vol. 48  No. 11  2018
highly mobile and active. Therefore, in discussing its
redox properties, it is expedient to simply refer to dis-
solved carbon.

The activity of the dissolved carbon in the ferrocar-
bon alloy shows that it is preferable to free carbon in
coal or coke as a reducing agent in solid-phase pro-
cesses [8, 9]. Therefore, the decarburization of carbon
may be organized not only by oxidative remelting in an
oxygen converter but also in the solid state, with qual-
itative transformations not in the melt but in the final
cast-iron products.

The development of small-scale iron production
has expanded the output of cast products in Russia. It
is often necessary to strengthen the surface of cast-
iron components. To that end, special alloys and
metallic powders are applied to the working surface
[10, 11]. An alternative is strengthening by decarburi-
zation in the solid state [12].

Strengthening of cast components and machine
parts by decarburization in the solid state offers a short
cut from the ore to the final iron component; it is even
more efficient than the familiar path from ore to steel.
In the present work, we consider such structural con-
version of cast-iron components.

Experiments are conducted in two stages: (1) pro-
duction and preparation of cast-iron blanks from
industrial waste; (2) solid-state decarburization of the
cast-iron blanks. The initial iron source consists of
rolling scale and iron oxide formed in the surface etch-
ing of rolled sheet by acid at AO ArcelorMittal Temir-
tau. Table 1 presents the chemical composition of the
components employed.

BATCH PREPARATION 
AND IRON-INGOT PRODUCTION

As we see in Table 1, the total iron concentration in
the scale is 67.65%. Of that total, 21.95% comes from
wustite FeO (whose content is 28.25%), while the
remaining 45.70% is provided by hematite Fe2O3. In
addition, the scale includes a small amount of MnO.
The total quantity of oxygen that may be released as gas
from the iron and magnesium oxides is determined
from an equation taking account of the degree of reduc-
tion of iron (RFe = 0.98) and manganese (RMn = 0.75)

(1)
−= ×

+ × +

2
0 (h)

(w)

10 [Fe .3276
Fe 0.2296 0.5812MnO], kg kg of scale.

g
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Table 2. Composition of metal ingots, wt %

Sample [C] [Si] [Mn] [S] [P]

From scale 4.25 0.15 1.23 0.03 0.02
From iron oxide 4.38 0.10 — 0.032 0.01
Here Fe(h) and Fe(w) are the iron concentrations in
hematite and wustite, respectively, %.

We see in Table 1 that iron oxide, the second batch
component, does not contain FeO. The oxide consists
entirely of hematite Fe2O3, and the total quantity of
oxygen that may be released as gas is determined from
the equation

(2)

Substituting the numerical values into Eqs. (1) and (2),
we find that the total quantity of oxygen that may be
released as gas from the scale is

Likewise, from Eq. (2), the total quantity of oxygen
that may be released as gas from the iron oxide

Such oxygen is gasified in reductive roasting. Solid
carbon is selected as the reducing agent.

By successive phase transformation of the metal
oxides, the stoichiometric consumption of solid car-
bon in the reduction of metals corresponding to
0.152 kg/kg of scale and 0.17 kg/kg of iron oxide may
be determined [13].

The metal yield is 0.67 and 0.6769 kg/kg from the
scale and iron oxide, respectively. The carbon con-
sumption in the carburization of this metal is 0.029
and 0.030 kg/kg, respectively. The total carbon con-
sumption in the reduction and carburization of the
metal is 0.181 and 0.200 kg/kg, respectively. Convert-
ing to charcoal, the corresponding figures are 0.172
and 0.210 kg/kg. On that basis, we formulate two
batches:

(1) rolling scale (0.85 kg/kg of batch) + charcoal
(0.15 kg/kg of batch);

(2) iron oxide (0.83 kg/kg of batch) + charcoal
(0.17 kg/kg of batch).

From each batch, 250-g samples are prepared for
the experimental melts. After crushing to piece size
≤1.0 mm, each sample of ore–coal batch is loaded in a
Tamman furnace. The system is slowly heated (at 8–
10°C/min) to 900°C and then at 12°C/min to 1500°C.
At that temperature, the reduction of the metal is
complete and hot metal is formed. After holding for
20 min, the melt is cast in a refractory tray of rectan-
gular cross section. After cooling to room temperature,
the metal component of the melt is separated from the
slag and its surface is machined. We obtain ingots of
mass 139.0 and 141 g from the first and second batch

= × ×2
Fe (h)O 10 0.3276 Fe , kg kg  of iron oxide.

=0 kg kg  of 0. sc20 .15 aleg

=Fe kg kg  of ironO 0  o.2247, xide.
samples, respectively. Table 2 presents the chemical
composition of the metal samples.

As is evident, the ingots consist of cast iron. After
surface machining, the cast-iron plates are cut into
sections, and plane samples (width 30 mm, length
50.0 mm, and thickness 5 mm) are produced.

SOLID-STATE DECARBURIZATION 
OF CAST-IRON BLANKS

The f lat cast-iron blanks (of mass 68 and 70 g) are
placed in a boat of rectangular cross section and cov-
ered with iron-ore powder (mainly FeO). The boat is
placed in a sealed cell within the reaction zone of a
Nabertherm RHTC 80-230/15/B410 pipe furnace.
The temperature of the system is increased at 12–
15°C/min to 1100°C and held for 60, 70, 80, and
90 min. At 1000°C, gas is released thanks to solid-state
reaction between dissolved carbon and iron oxide
from the oxide powder

(3)

The reduced iron at the contact surface of the cast-
iron plate is converted to solid solution. In other
words, the following substitution occurs

(4)

Slow diffusional reaction is observed. The gas
released per unit time is so small that its composition
cannot easily be monitored on a gas analyzer. There-
fore, the mass transfer at the contact surface is quanti-
tatively assessed by measuring the mass of the cast-
iron plate and the oxide powder before and after the
experiment. At the end of each experiment, the mass
of the hot metal and oxide powder is recorded. The
change in mass of the cast-iron plate is due to the reac-
tions in Eqs. (3) and (4) . In other words, the mass of
the plate falls on account of the gasification of dis-
solved carbon in Eq. (3), while the mass increases on
account of reaction of the reduced iron by Eq. (4).
Since the atomic mass of iron is 4.66 times that of car-
bon, the resultant mass increase is the difference
between the gain in iron mass and the consumption of
dissolved carbon. The mass fraction of consumed car-
bon [C] associated with the increase in plate mass is
determined from the equation

(5)

where Δg is the mass difference of the cast iron at the
beginning and end of the experiment, g; mC is the
atomic mass of carbon (12 g); and mFe is the atomic
mass of iron (56 g).

Since mC/(mFe – mC) = 12/(56 – 12) = 0.273, we
may rewrite Eq. (5) in the form

+ = +metFeO [C] Fe CO.

+ = + ↑3Fe C FeO 4Fe CO .

Δ = Δ
−
C

[C]
Fe C

,mg g
m m

Δ = Δ[C] 0.273 .g g
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Fig. 1. Structure of cast-iron plates after holding for 60 (a), 70 (b), 80 (c), and 90 (d) min at 1100°C.

(а) (b)

(c) (d)
The mass of the layer of oxide powder decreases
solely on account of the reduction of iron from FeO by
the dissolved carbon, in accordance with Eq. (3).
Accordingly, the mass loss of the powder may be
expressed in the form

(6)

Measurement of the mass of the plate and the
applied powder permits the determination of the fol-
lowing:

—the mass increase Δg of the plate, g;
—the mass decrease Δgox of the oxide powder, g.

The mass decrease Δgox of the oxide powder agrees
with the mass increase Δg of the plate. The mass of dis-
solved carbon consumed in reduction of the metal
from the oxide powder is derived from Δg[C] in Eq. (5):
0.37–0.80 g, depending on the holding time. How-
ever, the depth of decarburization remains to be estab-
lished. To that end, we determine the microstructure
of the plate cross section in another experiment. First,
the plate cross section is ground. The metal samples
are observed on a JSM 5910 electron microscope: the
boundaries of the decarburized layer are identified in
different cross sections. In Fig. 1, we show the struc-
ture of the plates at 1100°C, with holding for 60, 70,
80, and 90 min. The structural transformation of the
surface layer is evident, as well as the increase in thick-

Δ = Δ = Δ = ΔFeO
ox [C] [C] [C]

C

72 6 .
12

mg g g g
m
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ness of the decarburized layer with increase in the
holding time.

It is clear from Fig. 1 that the solid-state decarburi-
zation of the iron in the plate’s surface layers is suc-
cessful. In addition, we can track the progress of
decarburization into the depth of the plate as holding
at the specified temperature continues. The mean
thickness of the decarburized layer is 1.5 mm after
60 min and 2.8 mm after 90 min. Accordingly, to
assess the degree of decarburization ΔR[C] and the
mean residual carbon concentration, we assume that
the mean thickness of the decarburized layer is
2.2 mm.

We determine the degree of decarburization of the
plate’s surface layer as the ratio of the mass loss Δg[C]
and the total mass g[C] of dissolved carbon in a surface
layer of thickness 2.2 mm: ΔR[C] = Δg[C]/g[C].

The mean residual concentration of dissolved car-
bon is determined from the equation

where Δ[C] is the initial carbon concentration in the
plate, %.

Table 3 presents the characteristics of solid-state
decarburization of the iron plates.

We see that microstructural data agree with the
change in mass transfer between the cast-iron plate
and the oxide powder. That indicates that solid-state

( )Δ = − Δ [C][C] [C] 1 ,R
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Table 3. Characteristics of solid-state decarburization of the surface layer of iron plates at 1100°C

Initial mass

of cast-iron plate, g

Decarburization 

characteristic

Holding time, min

60 70 80 90

68.0 Δg, g 1.35 1.92 2.34 2.85

Δg[ox], g –2.208 –3.144 –3.84 –4.68

Δg[C], g 0.368 0.524 0.64 0.78

ΔR[C], fraction 0.32 0.448 0.556 0.676

Δ[C], % 2.81 2.32 1.79 1.36

70.0 Δg, g 1.45 1.98 2.49 3.01

Δg[ox], g –2.37 –3.24 –4.08 –4.93

Δg[C], g 0.396 0.54 0.68 0.822

ΔR[C], fraction 0.33 0.45 0.56 0.68

Δ[C], % 2.73 2.31 1.84 1.32
decarburization of cast iron and finished cast-iron
components is feasible.

CONCLUSIONS

Decarburization is accompanied by structural
transformation of the iron to steel in the surface layer.
Thus, the effects of the carburization in the cast iron
and solid-state decarburization of the iron are com-
plementary and have a net positive effect.

Iron is f luid and permits the production of parts of
any shape. Its deficiencies are brittleness and poor
weldability. These deficiencies are countered by
decarburization of the working surfaces and conversion
of the surface layer to steel under the oxide coating. This
short route from hot metal to the final product provides
clear economic and environmental benefits.
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