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The isothermal reduction of oxide scale on hot-rolled, low-carbon steel strip in 10 pct H2-Ar
mixtures in the temperature range of 673 K to 1073 K (400 �C to 800 �C) was investigated by
using a thermo-gravimetric analyzer (TGA). During heating under an argon atmosphere,
magnetite/iron eutectoid and proeutectoid magnetite in the oxide scale successively transformed
into wüstite at a temperature above 843 K (570 �C). The kinetic plot of the isothermal reduction
assumes a sigmoid shape, including induction, acceleration, and finally the decaying stage.
Fitting the kinetic curve to mathematical models, the reaction at 1073 K (800 �C) and 773 K
(500 �C) were determined to be controlled by phase-boundary-controlled reaction and
three-dimensional growth of nuclei, respectively. The reduction product varies with temperature
and itself affects the kinetics. Porous and dense iron were, respectively, obtained below and
above 873 K (600 �C). A ‘‘rate-minimum’’ was observed at 973 K (700 �C) due to the formation
of dense iron that blocks the gas diffusion. Due to the structural transformation of oxide scale
during heating, the reactant depends on the heating process. However, compared with the oxide
scale structure, the temperature is more important in determining the reduction kinetics at
temperatures above 973 K (700 �C).

DOI: 10.1007/s11661-016-3647-8
� The Minerals, Metals & Materials Society and ASM International 2016

I. INTRODUCTION

HOT-ROLLED steel strips are covered with oxide
scale film, which is commonly descaled by chemical
agents such as HCl, H2SO4. Acid pickling provides
perfectly cleaned surface, which creates serious environ-
mental pollutions and corrosion of production facilities.
Alternatively, mechanical descaling technology such as
dry shot blasting was developed, but it needs a large-size
blasting chamber and dust collection systems that make
it impractical for coils of hot-rolled steel. Another
promising descaling method is Eco Pickled Surface
(EPS), which uses a mixture of liquid carrier and
abrasive material to impinge against the moving strip
of steel to achieve a complete scale removal. The
EPS-processed steel was found to be equivalent or
superior to conventional acid-pickled steel.[1] In recent
years, ‘‘acid-free descaling’’ technology, where hydrogen
was employed as the agent for the reduction of oxide
scale, emerges as another competitive descaling method

due to its cleanness and environmental-friendly
characteristics.
The oxide scale film on the hot-rolled, low-carbon

steel usually consists of wüstite, magnetite, and hema-
tite. The reduction of iron oxides in bulk has been one of
the most frequently studied physical metallurgy
topics.[2–5] For the reduction kinetics of iron oxides,
there are two types of fractional reduction: (a) vs time (t)
plots depending on the reduction condition (e.g., tem-
perature, reduction agent). The first one is sigmoid
shaped, including an induction period, an acceleratory
period, and finally a decaying period. This type of plot is
usually found with reduction processes at low and
moderate temperatures. For the second type of a–t plot,
the induction period is negligible.[6] Except the kinetics,
the morphology of reduction products also varies with
the reduction condition and can be primarily classified
into three types: dense iron; porous iron,[3,7–10] which
was specially characterized by the diameters and spacing
of gas pores; and whisker.[11–13]

The gas reduction of iron oxide scale, like every
gas–solid reaction, includes gas–gas diffusion, gas–solid
diffusion, and chemical reaction.[15] Efforts have been
made to study the internal mechanism for reduction of
iron oxides. Using hydrogen, Moukassi[14] studied the
isothermal reduction kinetics of pure wüstite single
crystal and found a ‘‘rate minimum’’ at 973 K (700 �C).
Detailed analysis indicated that it was associated with
the dense iron layer, which blocked the diffusion path of
hydrogen. The grain boundary also plays an important
role during the gaseous mass diffusion. Bahgat
et al.[16–18] studied the effect of grain boundaries on
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the surface rearrangement and iron nucleation during
the isothermal reduction of wüstite. Due to the fast
transportation of electron hole and Fe2+ ions near the
grain boundary, the surface rearrangement dominantly
occurs away from grain boundaries and then the iron is
nucleated near grain boundaries.

For industrial applications, the reduction of oxide
scale by hydrogen, as an alternative to conventional
continuous strip pickling, has been investigated by
several researchers.[19–21] Shi et al.[22] studied the reduc-
tion of oxide scale using pure carbon monoxide (CO).
The oxide scale transformed into single wüstite during
the heating to 1003 K (730 �C), and the majority of
wüstite has been reduced into porous iron after reduc-
tion at 1003 K (730 �C) for 3 minutes. Guan et al.[23]

investigated the isothermal reduction of hot-rolled strip
scale by 20 pct hydrogen using TGA and concluded that
the reduction process is controlled by growth of nuclei in
the temperature range of 643 K to 823 K (370 �C to
550 �C).

In general, except the reduction condition, the impor-
tant factors that affect the isothermal reduction kinetics
include the morphology[24,25] (type of iron oxide, thick-
ness, and distribution) and defect (porosity and crack)
of the hot-rolled strip scale, as well as the phase
transition during the heating to the isothermal reaction
temperature. The purpose of this work is to study the
isothermal reduction behavior of the oxide scale in a
mixed gas containing low concentration of hydrogen.
Based on the modeling methodology and microstructure
examination, the reduction mechanism that varies with
temperature is revealed. The effect of oxide scale
structure on reduction kinetics is also preliminarily
addressed.

II. EXPERIMENTAL PROCEDURE

A. Materials and Methods

TGA samples were prepared from a commercial
hot-rolled, low-carbon steel strip with the chemical
composition of 0.045C-0.025Si-0.2Mn-0.015P-0.007S-
0.024Al (in mass pct). The sample size was
2.3 mm 9 8 mm 9 10 mm. Prior to each test, samples
were cleaned by an ultrasonic cleaner. The initial sample
weight in all cases was 1206 ± 5 mg.

B. Thermal Simulation

The transformation behavior of the oxide scale during
heating under argon atmosphere was investigated by
using a MMS-300 thermomechanical simulator. The
sample was heated at a rate of 40 K/min and then
quenched at different temperatures to exam the
high-temperature microstructure.

C. Isothermal Reduction

The isothermal reduction was performed using TGA
(Setsys Evolution 1750, SETARAM) with a sensibility
of 30 lg. As shown in Figure 1(a), the sample was

heated at a rate of 40 K/min in an argon flow. After
reaching the desired isothermal reduction temperature,
argon was immediately replaced by a dried mixture of
10 pct H2-90 pct Ar with water vapor content lower
than 0.06 pct. According to the gas flow rate of 200 mL/
min, the average velocity was calculated to be 3.5 cm/s.
A thermocouple was placed away from the sample at a
distance of 2 mm. Variation of the sample weight and
temperature as a function of time were recorded by a
data acquisition system. After the isothermal reduction
of 30 minutes, the gas mixture was switched back to
argon and the sample was cooled at a rate of 99 K/min
to room temperature. Finally, a repeated process was
performed to record a background curve. Using the
Calisto software, the stored heating data were then
subtracted to avoid the effect of the air turbulence.

D. Effect of Structure on the Reduction

The effect of the structure on the reduction of oxide
scale was investigated using TGA. The sample was
heated to 1073 K (800 �C). After 2 minutes of anneal-
ing, the sample was rapidly cooled to 973 K (700 �C) to
maintain the high-temperature structure. Reduction by
the gas mixture of 10 pct H2-Ar was then performed. To
determine the decisive factors in reduction, the sample
was reduced at 973 K (700 �C) for 10 minutes first, then
elevated to 1073 K (800 �C), and continually reduced
for 20 minutes. These two experiments described earlier
are schematically illustrated in Figure 1(b) and (c).
After thermal cycle, samples were mounted in Bakelite,

the sample cross sections were successively ground using
SiC-papers with 800, 1000, and 1200 grit and polished
with 2.5-lm diamond paste. To enhance the electrical
conductivity around the oxide scale, the metallographic
specimen was coated with carbon using a high vacuum
carbon coater (Cressington 208C). The oxide scales, as
well as the reduction products, were examined by
electron probe microanalysis (JXA-8530F, JEOL).

III. RESULTS AND DISCUSSION

A. Phase Transformation during Heating

Figure 2(a) shows a typical oxide scale structure on a
hot-rolled steel strip, which includes magnetite and
‘‘lamellar magnetite + iron’’ eutectoid. The upper dark
side and lower bright side of the images is the resin and
steel substrate, respectively. The oxide scale layer runs
horizontally through the middle of the image. When the
sample was quenched at 868 K (595 �C) during heating
at a rate of 40 K/min, eutectoid has partially trans-
formed into wüstite (Figure 2(b)). At 973 K (700 �C),
this inverse eutectoid transformation was almost com-
pleted, whereas the transformation of proeutectoid
magnetite to wüstite is still in progress (see the outer
thick layer of magnetite in Figure 2(c)). The complete
transformation of eutectoid and pro-eutectoid magnetite
into wüstite was achieved at 1023 K (750 �C)
(Figure 2(d)), and the oxide scale then developed a
bilayer structure with outermost magnetite and interior
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wüstite. The cavities that appeared in wüstite could
either be caused by grinding and polishing during the
sample preparation or by the density increase due to
transformation.[26] From the Fe-O phase diagram, it is
known that wüstite is thermodynamically stable above
843 K (570 �C). During heating, both ‘‘mag-
netite+ iron’’ eutectoid and proeutectoid magnetite

reversely transformed into wüstite via the following
reactions[25]:

Fe3O4 þ ð1� 4yÞFe ! 4Fe1�yO ½1�

ð1� 4yÞFe2þ þ 2e� þ Fe3O4 ! 4Fe1�yO ½2�

Fig. 1—Schematic illustration of experimental procedure. (a) Isothermal reduction of oxide scale; (b) the sample was firstly annealed at 1073 K
(800 �C) for 2 minutes and then reduced at 973 K (700 �C); (c) to confirm the effect of the temperature, the sample was reduced at 973 K
(700 �C) first and then elevated to 1073 K (800 �C).

Fig. 2—The cross-sectional, backscattered electron images of the oxide scale: (a) as-rolled state; heated and quenched at (b) 868 K (595 �C), (c)
973 K (700 �C), and (d) 1023 K (750 �C).
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Therefore, when reduction is performed below 843 K
(570 �C), magnetite primarily participated in the reac-
tion described by the following equation:

Fe3O4 þH2 ! 3FeþH2O ½3�

For the reduction temperature above 843 K (570 �C),
wüstite will be directly reduced into iron via Eq. [4],
while the reduction of magnetite comprises two steps,[5]

i.e., Eqs. [5] and [6]):

FeOþH2 ! FeþH2O ½4�

Fe3O4 þH2 ! 3FeOþH2O ½5�

FeOþH2 ! FeþH2O ½6�

B. Reduction of Oxide Scale

Since a relative high reaction rate is required in
industrial application, the reduction of oxide scale by 10
pct hydrogen at above 673 K (400 �C) was investigated
in this work. The degree of reduction a was defined by:

a ¼ DWt

DWa¼1
½7�

where DWt is the weight loss at time t; DWa=1 is defined
as the weight loss when the sample was reduced at
1273 K (1000 �C) until no further weight variation
occurs with time.
Figure 3 groups the isothermal a-t plots at different

temperatures. The sigmoid kinetic curve can be noticed,
which usually includes the induction, acceleration, and
decaying stages. The induction stage, which is caused by
low hydrogen concentration and the gas hungry, extends
with increasing temperature, e.g., nearly 10 minutes at
673 K (400 �C) compared with around 2 minutes at
1173 K (900 �C). Then, the acceleration stage steps in
when a reaches approximately 8 pct and lasts until the
degree of reduction reaches approximately 90 pct. Nev-
ertheless, as shown in Figure 3, there are two exceptions
(i.e., 873 K (600 �C) and 973 K (700 �C)) where the
acceleration stage ended exceptionally early. Detailed
analysis will be presented in the next section. Finally, at
the end of isothermal reduction, the decaying stage
shows up and the reduction rate gradually levels out.
As presented in Table I, several mathematical models

have been developed for a gas–solid reaction, which is
one of the critical steps during the reduction of the oxide
scale. By fitting the measured kinetics to these models,
one would be able to find out the mechanism of the
reduction reaction under the current experimental con-
dition. In general, for a particular controlling mecha-
nism, the corresponding Y(a), which represents the left
side of the equations in Table I, can be expected to have
a linearity with the reaction time.[26,30,31] The results of
applying the mathematical model to the reduction

Fig. 3—a–t plots for isothermal reduction of the oxide scale in a gas
mixture of 10 pct H2-Ar.

Table I. Mathematical Modeling of Reaction Kinetics
[27–29]

No. Reduction Mechanism Equation

Correlation
Coefficients

773 K
(500 �C)

1073 K
(800 �C)

1 phase-boundary-controlled reaction (infinite slabs) a = kt 0.99715 0.99118
2 phase-boundary-controlled reaction (contracting cylinder) 1 � (1 � a)1/2 = kt 0.99204 0.99973
3 phase-boundary-controlled reaction (contracting sphere) 1 � (1 � a)1/3 = kt 0.98628 0.99944
4 one-dimensional diffusion a2 = kt 0.9628 0.98601
5 two-dimensional diffusion a + (1 � a)ln(1 � a) = kt 0.92002 0.96827
6 Three-dimensional diffusion 1 � 3(1 � a)2/3+2(1 � a) = kt 0.93468 0.95905
7 random nucleation; unimolecular decay law (first-order) [�ln(1 � a)] = kt 0.96831 0.99387
8 two-dimensional growth of nuclei (Avrami–Erofeyev equation) [�ln(1 � a)]1/2 = kt 0.99926 0.99332
9 three-dimensional growth of nuclei (Avrami–Erofeyev equation) [�ln(1 � a)]1/3 = kt 0.99872 0.98079
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kinetics at 773 K (500 �C) and 1073 K (800 �C) are
presented in Figure 4. The correlation coefficient corre-
sponding to each model is shown in Table I. Model No.
8 achieves the best fit of experimental data obtained at

773 K (500 �C), suggesting a phase-boundary-con-
trolled reaction. For the reduction kinetics at 1073 K
(800 �C), model No. 2 representing a three-dimensional
growth of nuclei can best describe the experimental data.

Fig. 4—Mathematical modeling of the reduction kinetics.

Fig. 5—Degree of reduction vs temperature and the surface micrographs of reduction products at (a) 773 K (500 �C); (b) 873 K (600 �C); (c)
973 K (700 �C); (d) 1073 K (800 �C).
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C. Characteristics of the Reduction Products

Figure 5 presents the degree of reduction as a
function of temperature, as well as the corresponding
surface morphology of the final reduction product. In
the early stages, the reduction progressively increases

with increasing temperature. An obvious difference in
reduction kinetics appears after 6 minutes of reaction.
The reduction process in the temperature range of
873 K (600 �C) to 973 K (700 �C) slows and enters into
the decaying period. Similar results were previously
reported in the literature,[14,19] where this rate minimum
was interpreted to be associated with the dense iron
layer, which acts as a barrier against the gas diffusion.
The surface morphology of reduction products

changed with the reduction temperature, as shown in
Figure 5. The reduction products could be basically
classified into two types: porous iron and dense iron,
which was obtained below and above 873 K (600 �C),
respectively. Under the present experimental conditions,
regardless of the transformation during heating, the
reactants of the outmost layer are always magnetite,
which has a relatively stable stoichiometric composition
at low temperatures.[5] Consequently, the difference in
morphology should be primarily due to the reaction
temperature.
To characterize the reduction product further, sam-

ples were analyzed by EPMA, as shown in Figure 6.
Figure 6(a) shows the scanning electron micrographs of
the cross section of a sample reduced at 773 K (500 �C).
The growth of iron into the oxide scale and the
randomly distributed iron oxide in the porous iron
layer can be clearly seen. The pore size, which is highly

Fig. 6—The cross-sectional backscattered electron images and EPMA mappings of the elements in the reduced scale at (a) 773 K (500 �C); (b)
973 K (700 �C), and (c) 1073 K (800 �C).

Fig. 7—a–t plots obtained from the experiments illustrated in Fig. 1.
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dependent on the reduction condition, i.e., H2/H2O
ratio, H2 partial pressure, and temperature, is less than
0.5 lm. At temperatures below 873 K (600 �C), the pore
size increases with increasing temperature. This is in
good agreement with Guan et al.’s result.[23] For the
reduction at 973 K (700 �C), only the outmost mag-
netite layer was reduced into dense iron, whereas the
wüstite inside mostly remains unchanged. When the
reduction was performed at 1073 K (800 �C), a large
portion of the iron oxide was reduced to pure iron,
whereas a little wüstite was retained (see Figure 6(c)).
Dense iron was also obtained from the outmost mag-
netite layer. However, the inside wüstite has been
reduced into porous iron, which has a large pore size
of around 1 lm in diameter. The oxide scale on
hot-rolled steel strips usually has defects (e.g., porosity
and cracks), such that an easy access of the hydrogen to
the advancing interface can be attained. Meanwhile, due
to the large quantity of heterogeneous nucleation sites
provided by the steel substrate, the iron oxide close to
the matrix can easily be reduced.

The morphologies of the product affect the reduction
mechanism by influencing the rate-limiting reaction
steps. Below the eutectoid temperature i.e., 843 K
(570 �C), the magnetite is directly reduced into iron,
which exhibits a porous feature. Then, nucleation of
iron becomes the rate-limiting step instead of gaseous
mass transportation. In the temperature range of 873 K
(600 �C) to 973 K (700 �C), the reduction exhibited a
relatively high reaction rate at the beginning, but the
product is dense iron, once the oxide scale is covered by
dense iron, the diffusion of gas reactant is blocked,
leading to the slowing of the whole reaction process. At
a higher reduction temperature, any thermo-activated
diffusion process is promoted and, in addition, the
reduction at 1073 K (800 �C) is controlled by phase
boundary reactions, which are highly influenced by
temperature. As a result, the reaction rate remarkably
increased at 1073 K (800 �C).

D. Effect of Oxide Scale Structure on the Reduction

As mentioned, the eutectoid structure and proeutec-
toid magnetite in oxide scale transformed into wüstite
during the heating process, and the temperature range
where the inverse transformation happens covered the
slow reduction valley, as presented in Figure 5. There-
fore, it is necessary to find out how the oxide scale
structure could affect the reduction kinetics.

Figure 7 shows the a–t plots for the experimental
study described earlier. Increasing the temperature
should increase the degree of the reduction. By increas-
ing the temperature to 1073 K (800 �C), the reduction
degree increased rapidly from 23 to 95 pct. During the
annealing process at 1073 K (800 �C), the oxide scale
was reduced into a bilayer structure as shown in
Figure 2(d). The reduction process, however, exhibits a
slow kinetics that is only a little slower than that without
1073 K (800 �C) annealing. However, by increasing the
temperature from 973 K (700 �C) to 1073 K (800 �C)
after an initial 10 minutes of reduction, the kinetic curve
deviated from the original one and a substantial

acceleration was achieved. It is generally known that
the reduction of magnetite and wüstite follow different
kinetics, leading to an unavoidable effect of the oxide
scale structure on reduction kinetics. However, this
simple experiment suggests that it is not the oxide scale
structure but the temperature that plays a more impor-
tant role in determining the reduction kinetics at higher
temperatures (e.g.,>973 K (700 �C)).

IV. CONCLUSIONS

As a possible alternative to descaling of the hot-rolled
steel strip, the reduction behavior of the oxide scale
under a gas mixture of 10 pct H2-Ar at different
temperatures was investigated in this work. The primary
conclusions that can be drawn are as follows:

1. During heating under argon, ‘‘magnetite+ iron’’
eutectoid and proeutectoid magnetite successively
transformed into wüstite. Then, the starting oxide
scale structure for isothermal reduction at temper-
atures above 848 K (575 �C) may include outmost
magnetite, eutectoid, and inner wüstite, depending
on the extent of the inverse phase transformation
during heating.

2. The reduction product varies with temperature and
itself affects the kinetics. Porous and dense iron
were obtained below and above 873 K (600 �C),
respectively. However, at a higher temperature
above 973 K (700 �C), it is not the oxide scale
structure but the temperature that plays a more
important role in determining the reduction kinet-
ics.

3. The kinetic plots of the isothermal reduction of the
oxide scale were fitted using mathematical models.
Phase-boundary-controlled reaction and three-di-
mensional growth of nuclei were found to be the
controlling mechanism for the reduction at 1073 K
(800 �C) and 773 K (500 �C), respectively, while the
outer layer dense iron acting as a barrier against the
gas diffusion was responsible for the observed
‘‘rate-minimum’’ at 973 K (700 �C).
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