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Decreasing the preheating temperature is an effective step to control the energy consump-

tion  in the hot rolling process. In order to obtain the lowest preheating temperature to

prepare enough thickness of oxide scale in the hot rolling process, the oxidation resistance of

commercial steel samples with different Al and Si contents were investigated in this paper.

The  results indicate that both Al and Si based oxides form at the steel-oxides interface

as  diffusion barrier but Al provide stronger diffusion resistance than Si in the diffusion-

controlling oxidation region. Meanwhile, a three-dimensional oxidation kinetic model has

been adopted to depict the oxidation behavior of four types of commercial steel. The oxi-

dation process of automotive steel sample containing with low alloy elements is kinetically

determined by interface chemical reaction. Its activation energy is 55.2 ± 6.9 kJ/mol. As for

silicon steel containing with relative high alloy elements, its controlling process is deter-

mined by diffusion step at low temperature and controlled by chemical reaction rate at high

temperature. In order to obtain enough thickness of oxide scale, the lowest preheating tem-

perature of different types steel range from high to low should be the steel with high content

of  Al (1180 ◦C), the steel with high content of Si and low content of Al (1130 ◦C) and the steel
with  high contents of Si and Al (1030 ◦C).

©  2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
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1.  Introduction

Hot rolling plays a very important role in manufacturing bulk
products in the flat metal manufacture. The hot rolling process
consists of furnace heating, primary descaling, roughing mills,
secondary descaling, finishing mills, run out table and coiling
processes [1]. In furnace heating process, the work-piece is
heated to sufficiently high temperatures to reduce its strength.
Meanwhile, it should be noted that the slab is exposed in
oxidizing atmosphere at high temperatures after the heating
process. In this period, the heated slab can react with oxygen
and water, resulting in a thermal oxide scale covered the metal
surface. The oxide scale is typically composed of three lay-
ers: hematite (Fe2O3) at the outer surface, magnetite (Fe3O4) at
the intermediate region, and wüstite (FeO) at the inner region
close to the interface [1,2]. This three-layer structure is not
stable because the oxidation or substrate stress at the lower
temperatures in cooling stage, which induces the structures
transformation of oxide scale at different parts of the strip. In
the following descaling and mill process, some defects on the
surface of slab can be removed with the oxide scale, which is
beneficial to improve the surface quality of the obtained slab
[3,4]. Hence, it is an important issue to investigate the influ-
ence factors on the formation of the thermal oxide scale in the
hot-rolling process.

According to the literature [1,5–9], it is known that the
cooling rate, heat-treatment temperature, exposure time and
composition of steel substrate are the major factors influenc-
ing the growth and structure of the oxide scale. The influence
of these factors on the evolutions of oxide scale has been
investigated intensively in recent years. Yearian et al. [10]
and Taniguchi et al. [11] investigated the effect of oxidation
temperature on the formed oxide scales at 700−1160 ◦C. The
results showed that the oxidation rates increased with the
increasing of oxidation temperature. Meanwhile, some alloy
elements such as Cr or Si would react with FeO layer to form
Fe2SiO4 or FeCrO4, which can change the porosity of obtained
oxide scales. Suarez et al. [12] also found that the addition
of alloying elements has an important impact on scale prop-
erties. In particular the alloying of silicon effects the region
between scale and substrate obviously. Fukagawa et al. [13,14]
used Si-added steel with different contents of Si to study the
formation mechanism of oxide scale in hot rolling process.
They found that the composition of oxide scale formed in
different rolling step varied obviously. It gives a guidance to
prevent scale defects in Si-added steels in real production.
Cheng et al. [15] investigated the high-temperature oxidation
behavior of aluminide steel with silicon contents varying from
0% to 5 wt.%. The results indicate that the addition of sili-
con would change the microstructure and phase constitution
of aluminide steel, which further affected its isothermal and
cyclic oxidation resistance abilities at high temperature. The
isothermal oxidation rates of the aluminide steel increased as
the silicon content in the aluminum layers increased. Alaoui
[16], Liu [17] and Yuan [18] et al. investigated the effect of sil-
icon contents on the oxidation process of silicon-containing

steels. The results indicate that the silicon would delay scale
growth by forming a silica barrier layer at the interface. Mean-
while, a fayalite-wüstite eutectic would be formed when the
 0 2 0;9(6):12501–12511

oxidation temperature is higher than 1177 ◦C. This molten
phase favors iron diffusion leading to fast scale growth. How-
ever, these research mainly used synthetic steel to investigate
the oxidation process. The synergic influence of Si and Al on
the commercial steel is not clear.

Due to the cruel market competition and rigorous control
of energy consumption, more  and more  factories desire to
obtain high quality slab with lower preheating temperature.
However, it will lead to the thin oxide scale, which discour-
ages the removal of the surface defect and further impede
the improvement of slab surface quality. The aforementioned
literatures showed that even a little difference of track ele-
ments in the slab substrate has significant influence on the
property of the oxide scale formed during the hot rolling pro-
cess. These oxide scales further have effect on the surface
microstructures and cracks of the obtained slab [19]. Hence,
it is necessary to discover the role of the common elements
such as Si and Al in different steel played on the formation of
oxide scale during the hot rolling process. Especially, the rela-
tionship between the element contents in steel matrix and the
formation mechanism of the oxide scales should be investi-
gated systematically. In this paper, the growth of oxide scale
on the surface of four typical steels with different contents of
common alloying elements were investigated. Our attention
was focused on Si and Al to illustrate the effect of the con-
tents of these elements on the thickness of scale formation.
We established a kinetic model to analyze the oxidation pro-
cess and derived an equation to explain the growth rate of
scale with different control steps. The analysis result should
be beneficial for the controlling of the preheating temperature
in the hot rolling process aim to different steel, improving the
quality of the hot rolled slab and decreasing the cost of the
production.

2.  Experimental

Four types of steels (containing silicon steel and automotive
steel) were investigated in this study, of which the chemical
compositions are listed in Table 1. The principal differences of
these samples are the contents of Si and Al. As for 30Q140,
it is an oriented silicon steel and representative steel with
high content of Si and low content of Al. 50WW800 and
50WW470 are non-oriented silicon steel, they are represen-
tative steels with high content of Al and different contents of
Si, respectively. As for DX51D + Z, it is automotive steel with
low contents of Si and Al.

The isothermal oxidation experiments of these steel sam-
ples were carried out on a simultaneous thermal analysis
(Netsch, STA449C) with a nominal sensitivity of 0.1 �g. The
samples were machined into pieces with dimensions of
4 mm × 4 mm × 5 mm,  and then polished with a series of
emery papers up to 1500 grit. After polishing, the samples
were ultrasonicated in ethanol for 10 min  to remove the resid-
ual on the surface. The degreased samples were loaded into
the Al2O3 crucible and heated to the assigned temperature

by the heating rate of 10 ◦C/min in argon atmosphere. Then,
compressed dry air was purged into the reactor with gas
flow rate at 50 mL/min for oxidation reaction when the tem-
perature reached preset temperature. The oxidation reaction
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Table 1 – Chemical composition of the steel samples.

Taga 30Q140 50WW800 50WW470 DX51D + Z

C 0.025−0.04 ≤0.0030 ≤0.0030 0.020−0.060
Si 3.10−3.2 1.80−2.20 0.25−0.70 ≤0.040
Mn 0.15−0.2 0.15−0.35 0.30−0.70 0.10−0.40
P ≤0.02 ≤0.030 0.050−0.110 ≤0.020
S ≤0.015 ≤0.0060 ≤0.008 ≤0.020
Al 0.010−0.025 0.20−0.40 0.25−0.50 0.020−0.060
N 0.0085−0.0115 ≤0.0040 ≤0.0050 ≤0.0060
As ≤0.020 ≤0.020 ≤0.020 –

Al; 50
 Z is 
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a 30Q140 is typical steel with high content of Si and low content of 

typical steel with low content of Si and high content of Al; DX51D +

asted for 120 min. During the oxidation reaction, the reacting
emperatures are controlled at 930, 1030, 1130, 1180, 1230 ◦C,
espectively. The samples were cooled down in the reactor
nder the protection of argon gas after the oxidation.

The oxidized samples were mounted in resin and polished
o exposure the cross sections for following characterization.

 field emission scanning electron microscope (SEM) with
nergy dispersive spectrometer (EDS) as attachment (FESEM,
EI Nova 400 Nano) is employed for the microstructure char-
cterization.

.  Results  and  discussions

.1.  Thickness  of  the  oxides  scale

ig. 1 shows the cross sections of the oxidized samples at
30 ◦C for 120 min. Al and Si are well-known as the alloying
lements to retard the high-temperature oxidation process of
teel [20]. The high affinity of Al and Si for oxygen results in a
ormation of Al and Si based oxides. They have the potential
o form dense oxide film or network to decrease the diffusion
ate of ions. Because of the relatively high concentration of the
lloy elements Si and Al in the steels except for DX51D + Z, the
xides scale on the samples are within 10 �m.  The low con-
ent of Si and Al contributes the relatively serious oxidation
f DX51D + Z steel. An empirical relationship between Si + Al
ontent in the steel and the thickness of the oxides scale is
uggested as following:

log10[y(�m)]  = (1.56 ± 0.08)-(0.16 ± 0.03)Si[wt%]

-(2.28 ± 0.25)Al[wt%] (1)

here, y is the thickness of the oxides scale. The Eq. (1) implies
hat there is no synergistic effect between Si and Al to inhibit
xidation. The relationship between the thickness of oxide
cale and the contents of Al and Si is shown in Fig. 2a, which is
rew by fitting the values obtained from Eq. (1). Fig. 2b depicted
he thickness of the oxide scale obtained in different com-

ercial steels. According to the contents of Al and Si in these
teels, the estimated values of the oxide scales can be calcu-
ated according to Eq. (1) or Fig. 2a. It can be seen that the

tted value distributed in the range of the measured values,

ndicating that the equation can predict the thickness of the
btained oxide scale accurately. Although it was reported in
ther alloys with both Al and Si additions in either positive
WW800 is typical steel with high content of Si and Al; 50WW470 is
typical steel with high content of Si and Al.

or negative effects [21,22]. It can be the reason that the Al
content is too low to interact with the SiO2 formation. Usu-
ally, Si is selectively oxidized at the interface between oxides
scale and steel matrix. It was reported that 1 wt.% of silicon
in the Austenitic alloy formed SiO2 or Fe2SiO4 particles under
the oxides scale [12]. These particles could decrease the oxi-
dation rate of the alloy by 50-400%. When the silicon content
was increased to 4 wt.% in the alloy, a sub layer contains SiO2

or Fe2SiO4 could form, which can obviously supress the oxi-
dation of alloy as a diffusive barrier [23]. Dunning et al. [21]
indicated another mechanism that Si oxide forms networks at
the grain boundaries under the oxides scale, which retard the
outward diffusion of cations. The study of Martı́nez-C �́zares
et al. [24] also indicated that silicon in low content only forms
islands of Fe2SiO4 at the oxide-steel interface, which can only
provide limited resistance to the diffusion of ions across the
oxides scale. Moreover, comparing to Si, Al acted stronger to
protect the steels from oxidation in the current work. There
are several proposed mechanisms for the effect of Al on the
oxidation resistance of steel. Al forms discrete Al2O3 parti-
cles in the metallic matrix of chromium alloys [21]. A small
amount of FeAl2O4 spinel was investigated in the low alloy
steel at the hot rolling temperature. It can promote the oxides
scale adherence on the metallic matrix [25]. It is also indicated
that Al can increase the formation temperature of wustite, in
which the outward diffusion of iron cations is faster than them
in magnetite [26].

It is noted from Fig. 1 that, with the increasing of the thick-
ness of the oxides scale, the physical contact between the steel
matrix and the oxides scale becomes poor. It is well-known
that the molar volumes of oxides and metal are different. The
oxidation is comparing with a change in molar volume of the
sample. It results in a tensile or compressive stress along the
oxides scale in the oxidation. Thick oxides scale formed in
30Q140 and DX51D + Z steels can result in a high growth stress
and residual stress of the scale in the oxidation and the cooling
process, respectively [27,28]. The growth stress can modify the
micro-structure and morphology of the oxides scale [29]. For
instance, the gap between the oxides scale and the metallic
matrix was the result of the high growth stress of the oxides
scale on 30Q140 and DX51D + Z samples.
3.2.  Compositions

The EDS analysis was employed to detect the chemical
composition of the layers. Fig. 3 shows that the principal com-
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Fig. 1 – Cross sections of the oxidized samples: (a) 30Q140 ; (b) 50WW800; (c) 50WW470; (d) DX51D + Z.

Fig. 2 – (a) The relationship between the thickness of oxide scale and the contents of Al and Si, (b) the thickness of the oxide

scale in different commercial steels.

positions in the oxides scale are iron, silicon and aluminum.
However, the silicon and aluminum contents in the steel are
not high enough to form a protective oxide layer to protect
the steel from further oxidation. Therefore, the out layer of

the oxidized steel is iron oxides. There is only one layer of the
oxides scale of the 30Q140 sample, but a serious internal oxi-
dation is observed in its matrix. It resulted in a layer with a
porous matrix composed by loss and coarse steel grains. The
EDS results of the corresponding cross sections are shown in
Fig. 3(a). It implies that the reactions between the dissolved
oxygen and the Si formed SiO2 particles at the steel grain

boundaries in this layer. Moreover, few Si was observed in the
oxide scale. The high porosity of the metallic sub-layer is due
to the Kirkendall effect of the diffusion of the ions [30]. Vacan-
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Fig. 3 – Chemical composition of the cross sections of the steels in Fig. 1. (a) 30Q140; (b) 50WW800; (c) 50WW470; (d)
D
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X51D + Z.

ies were leaved in the matrix when the cations diffused out
o form oxides scale to form these pores. The experimental
esults indicate that the Kirkendall effect is more  serious at
igher silicon content of the steel. The experimental results

ndicate that the Kirkendall effect is more  serious at higher
ilicon content of the steel.

In addition, both the Al and Si contents in the oxides
cale of 50WW800 are relatively high within the four samples.
orrespondingly, 50WW800 showed the highest oxidation
esistance in this work. The EDS analysis indicates that both Si
nd Al based compounds formed as under layer of the oxides
cale. It is obvious that there are two layers of the oxides scale
n the oxidized 50WW470 and DX51D + Z steel samples. How-
ver, the compositions are somehow different. A sub-layer is
bserved as silicon-rich oxides, in which Fe2SiO4 and SiO2 can
xist. Moreover, it is well known that even small amount of
ilicon additions in the steel can form silica adjacent to the
etal, which increases the oxidation resistance of the steel. If

 silica layer forms, it can be a diffusion barrier to retard the
rowth of the oxides scale [30].

.3.  Kinetics
ig. 4 shows the mass gain curves of the four steels at different
emperatures. The mass gains rates of the steel samples were
elatively low at 930 ◦C except for D51D + Z steel. It keeps con-
stant with the SEM observation results, that the relatively high
content of Si and Al can retard the oxidation process. At lower
temperatures for most of the steel samples, the mass gains
keep at a relatively low values (< 20 mg/cm2), and the curves
are parabolic-like, indicating that the scale can provide a cer-
tain oxidation resistance. Meanwhile, the rate-determining
step of the oxidation could be diffusion of ions in the oxides
scale. It means that the oxidation is fast at the beginning. The
very initial oxidation rate is infinite according to the kinetic
models. And then the oxidation rate is limited at a low level
with the slowly growing of dense oxides scale. However, it
can be predicted that the oxidation process of a steel sam-
ple would not always follow the same kinetic mechanism with
the extending exposure time. The previous research report [31]
showed that there were three oxidation stages in the oxidation
process of Fe-16Cr alloy. Therefore, this diffusion controlling
oxidation may turn to be a break-away oxidation after a certain
time.

Not only time but also temperature changes the oxidation
kinetic mechanism. The positive effect of the alloy elements
on the oxidation resistance is weaker at high temperature. All
the steel samples showed break-away oxidation at higher tem-
peratures (from 1030 ◦C). The accelerated oxidation rate of the

steel sample implies that the main composition of the oxides
scale is iron oxides, and the structure of it is should be coarse
and loss. It can be noted that the mass gain curves are not



12506  j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):12501–12511

Fig. 4 – Mass gain of (a) 30Q140; (b) 50WW800; (c) 40WW470; (d) DX51D + Z steels in air atmosphere at different

temperatures, where the curves are the fitting results.

parabolic, where the rate-determining step of the oxidation
turns to be an interfacial chemical reaction [31].

Usually, the oxidation kinetic process of steel can be
described by the equation of: [32]

�W2 = kt (2)

where, �W is the mass gain per unit area in mg/cm2, k is the
oxidation rate constant in mg2/(cm4·min), and t is the reaction
time in min. It is equal to another formula with an explicit
analytic expression [33–39]:

 ̨ = �V

V0
= 1

L0

√
t

t˚
(3)

t˚ = �m

D(C − Ceq)
= �m

D0(C − Ceq)
exp(

�E + �ε

RT
) (4)

where,  ̨ is defined as the oxidation degree, V0 is the original
volume of the sample and �V is the volume of the oxidized
part of the sample. The characteristic oxidation time, t�, is
introduced into Eq. (3). The value of it is inversely propor-
tional to that of k. It is obvious that the reaction fraction ˛
is equal to 1 when t= t�. D is the diffusion coefficient of the
certain component, here D0 is a constant. C and Ceq are the
concentration of the certain ions at the interface between the
alloy matrix and the oxides scale and at the outer surface of
the oxides scale in equilibrium condition, respectively. �E and
�ε are the apparent activation energies of interface chemical
reaction and diffusion process, respectively. The rest of param-
eters are related to the external physical characteristic, where
�m is a coefficient related to the density of the substance and
reaction, L0 is the original thickness of the alloy. A is defined
for convenience:

A = �m

D0(C − Ceq)
(5)

If the reaction rate is determined by the diffusion of oxy-
gen anions in the oxides scale, oxygen concentration in the
substance follow Sieverts’ law:

C = k0

√
PO2 (6)

here, PO2 is the oxygen partial pressure in the ambience, and
k0 is the Sieverts’ constant depending on the temperature.

However, the Eqs. (2) and (3) only describes the reaction of

a plate sample without considering the reaction progress on
the edges and corners of the sample. Therefore, a deviation
can be introduced to the kinetic analysis if the thickness of
the sample is not far more  less than the length and width of
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tself. A three-dimensional model was proposed for a cuboid
ample [40]:

 = 1 − (1 − 2
L0

√
2t

t˚
)

2

(1 − 2
H0

√
2t

t˚
) (7)

here, H0 is the thickness of the cuboid sample.
Here, the corresponding oxidation kinetic constant k� can

e defined as:

� = 1/t� (8)

hen the oxidation of the sample is controlled by interface
hemical reaction, the formula of the model is changed:

 = 1 − (1 − 2
L0

t

t˚i
)
2

(1 − 2
H0

t

t˚i
) (9)

here,

˚i = �m

(C − Ceq)
exp(

�E

RT
)  (10)

Ai is introduced in to the equation for convenience:

i = �m

(C − Ceq)
(11)

Here, the corresponding oxidation kinetic constant k�i can
e defined as:

�i = 1/t�i (12)

It is easy to know that

�m

S0
= m0�O/Cations

S0
 ̨ = �mmax

S0
 ̨ (13)

Here, m0 is the mass of the sample before reaction, �O/Cations

s the mass ratio of oxygen anions to cations in the oxides,
mmax is the max  mass gain of the sample, t˚i is the char-
cteristic oxidation time of the interface chemical reaction
ontrolled process. Although the latter parameter varies with
he oxidation process, here it is assumed to be constant. Sub-
tituting Eq. (13)into Eq. (7) and(9), respectively, yields

�m

S0
= �mmax

S0
[1 − (1 − 2

L0

√
2t

t˚
)

2

(1 − 2
H0

√
2t

t˚
)] (14)

�m

S0
= �mmax

S0
[1 − (1 − 2

L0

t

t˚i
)
2

(1 − 2
H0

t

t˚i
)] (15)

Eqs. (14) and (15) were employed for the kinetic analysis
f the experimental results. The fitting results are shown in
ig. 4. The values of the characteristic oxidation time in the
dopted models can be referred from Fig. 5. The oxidation
rocess of DX51D + Z steel sample is kinetically determined
y interface chemical reaction. It is because of the relatively

ow oxidation resistance of the oxides scale on its surface.
he oxidation processes of the other steel samples at higher

emperatures are chemical reaction rate controlled. On the
ontrary, the reaction at lower temperatures are always rate
;9(6):12501–12511 12507

determined by diffusion step. It is clear to be observed that
the mass gain does not linearly change with exposure time,
even the reaction rate determine step is chemical reaction. It
is the difference between the oxidation kinetics of cuboid and
plate: A parabolic mass gain curve for both plate and cuboid
imply that the reaction is diffusion controlled, but the mass
gain curve of a chemical reaction-controlled cuboid reaction
can be non-linear.

Table 2 gives the fitted parameters in the models for the
oxidation process. The activation energy for diffusion step
controlling reactions varies from 344.3 kJ/mol to 602.9 kJ/mol.
The 50WW800 steel samples with the highest value was oxi-
dized the slowest. The apparent activation energies for the
interface chemical reaction step controlling reactions are less
than100 kJ/mol. The values for the DX51D + Z and 30Q140 steel
sample are the more  reliable because the calculation employs
at least three data points. For the two samples, the apparent
activation energies are 55.2 ± 6.8 kJ/mol and 57.7 ± 16.9 kJ/mol.
The definitions of characteristic oxidation time imply that the
values of D0 and �� can be calculated out for all the sam-
ples except for DX51D + Z. However, it should be noted that the
two values cannot be obtained from the current kinetic data.
The reason is that the chemical composition and structure of
the oxides scale vary a lot when the oxidation kinetic mech-
anism changes [41,42]. The oxides products become porous
and coarse with the development of the oxides composition
in change from the diffusion controlling kinetic region to
the interface chemical reaction controlling kinetic region. It
means, the diffusion coefficient is not the one for the ions
crossing the diffusion barrier which composed by Si and Al
based oxides anymore.

In addition, the corresponding reaction kinetic constants
of the four types of commencial steels were calculated based
on the adopted models according to Eqs. (8) and (12). As the
results shown in Fig. 6, it is indicate that the automotive steel
(DX51D + Z) with low contents of Si and Al alloy elements could
be oxidized rapidly at relative low temperature, of which the
oxidation reaction kinetic constant is above 1.3 × 10−7 when
the reaction temperature higher than 1030 ◦C. As for silicon
steel with relative high contents of Si or Al, the oxidation rate is
very slow at low temperature (<1130 ◦C). It should be ascribed
that Si and Al would form an oxidation protection layer, which
will retard the formation of oxidation layer on the surface of
steel. The oxidation rate begin to increasing above 1130 ◦C due
to the formed oxidation protection layer become porous at
high temperature [43]. Moreover, compared to non-oriented
silicon steel (50WW800 and 50WW470), the oriented silicon
steel (30Q140) containing more  silicon and less aluminum. The
reaction rate of non-oriented silicon steel is higher than that
of oriented silicon steel because the protection layer based on
aluminum oxide is denser than that of silicide [15].

There is another parameter (�mmax) to evaluate the thick-
nees obtaiend oxdie scales in different temperatures. In the
view of thermodynamic, it can be calculated from the com-
position of the sample. For instance, �mmax of a pure iron
would be 42.86 mass% of the initial mass of the sample in pure

oxygen atmosphere. With the assumption that the max  mass
gain of a certain sample keeps the same at different reaction
temperatures, the value of �mmax was predicted by Eq. (15).
The predicted value was then substituted into Eq. (14) in the
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Fig. 5 – The characteristic time in the kinetic model described by (a) Eq. (14); and (b) Eq. (15).

Table 2 – Kinetic parameters for the oxidation of steel samples.

Sample chem  diff

Value Error Value Error

50WW470 Ai 10131.08 73845.62 A 2.35E-07 1.20E-07
�E 87404.64 91056.32 �E + �ε 581859.2 6715.561

DX51D + Z Ai 46789.26 65044.69 A – –
�E 57663.4 16920.72 �E + �ε – –

30Q140 Ai 53192.13 32146.87 A 1.26E-07 1.11E-06
�E 55205.48 6846.15 �E + �ε 517618.7 102403.9

50WW800 Ai 1.01E+07 1.04E+08 A 3.56E-08 6.38E-07
�E 3940.393 126724.8 �E + �ε 597546 237086.9

 kine
Fig. 6 – The reaction kinetic constants in the

modeling procedure. Eq. (14) was not be employed for the pre-
diction of the value of �mmax. The reason is that the fitting
quality of Eq. (14) was not sensitive to the value of �mmax. As
a result, the value of �mmax can be used to evaluate how seri-
ous would be oxidation be in the interface chemical reaction

rate-determining oxidation process.

It is suspected that the value of �mmax could be affected by
the alloy contents of the alloy. Fig. 7 indicates the effects of Si
tic model described by (a) Eq. (8) (b) Eq. (12).

and Al contents in the steel on the value of �mmax. It shows
that the Al content in the steel can have strong influence on
this predicted value. Combining the former result from Eq.
(1), it is noted that although the oxidation resistance of the
steel samples were mostly contributed by Al other than Si for
the diffusion rate determining oxidation, but Al has negative

contribution on the oxidation degree of the sample for the
interface chemical reaction rate determining oxidation.
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Fig. 7 – The predicted max  mass gain of the steel samples
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ith different contents of Al and Si.

.4.  Explore  preheating  temperature  for  different  steel

uring the hot rolling process, preheating is one of most
mportant steps. The obtained bulk steel is preheated to suf-
cient high temperature can not only reduce the strength of
lab, but also form enough thickness of oxide scale on the sur-
ace of slab to remove the surface defect and inclusion of the
lab, which is beneficial for improving the surface quality of
he obtained slab. However, with the developing demand on
he saving energy, it is necessary to lower the preheating tem-
erature as much as possible. Hence, we have to explore the

owest preheating temperature for different types of steel to
atisfy the demand of strength for rolling and thickness of
xide scale.

Based on the aforementioned oxidation kinetic analysis,
t is known that the reaction kinetic constants of automo-
ive steel, oriented silicon steel and non-oriented silicon steel
hanged obviously at 1030 ◦C, 1130 ◦C and 1180 ◦C, respectively.
ence, when the preheating duration is controlled for the
ame time in the real hot rolling process, in order to obtain
nough thickness of oxide scale, the lowest preheating tem-
erature of different types steel range from high to low should
e non-oriented silicon steel (1180 ◦C), oriented silicon steel

1130 ◦C) and automotive steel (1030◦). Considering the princi-
al differences of the contents of Si and Al in these samples,

t is reasonable to speculate that the lowest preheating tem-
erature for commercial steel with low content of Si and Al
hould be 1030 ◦C, for the steel with high content of Si and
ow content of Al should be 1130 ◦C, for the steel with high
ontent of Al should be 1180 ◦C. These results are important
eference parameter for different commencial steel in the real
ot rolling produciton.

.  Conclusions
) The oxidation resistance of commercial steel samples with
different Al and Si content were investigated experimen-
tally. The results indicate that Al provide stronger diffusion
;9(6):12501–12511 12509

resistance than Si in the diffusion-controlling oxidation
region. However, high content of Al in these steel samples
resulted in higher predicted max  mass gain in the oxida-
tion.

2) Both Al and Si based oxides form at the steel-oxides inter-
face as diffusion barrier. Whilst, low concentration of alloy
elements in automotive steel (DX51D + Z) cannot provide
efficient diffusion resistance. Outward diffusion of cations
in oriented silicon steel (30Q140) with relatively high con-
centration of alloy elements resulted in porous metallic
layer under the oxide scale.

3) A three-dimensional oxidation kinetic model was intro-
duced for the cuboid samples. The activation energies of
the oxidation processes were calculated via the model. As
typical values, the activation energy of diffusion control-
ling oxidation of non-oriented silicon steel (50WW800) is
602.9 ± 231.7 kJ/mol, and the activation energy of interface
chemical reaction controlling oxidation of automotive steel
(DX51D + Z) is 55.2 ± 6.9 kJ/mol.

4) When the preheating duration is controlled for the same
time in the real hot rolling process, in order to obtain
enough thickness of oxide scale, the lowest preheating
temperature of different types steel range from high to low
should be the steel with high content of Al (1180 ◦C), the
steel with high content of Si and low content of Al (1130 ◦C)
and the steel with high contents of Si and Al (1030 ◦C).
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