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Abstract: To improve the oxidation properties of ferritic heat-resistant-steels, in this
study, we designed an Al-bearing Fe-9Cr-5Si-3Al ferritic heat-resistant steel. We then
conducted cyclic oxidation tests to investigate the high<temperature oxidation
behavior of Fe-9Cr-5Si and Fe-9Cr-5Si-3Al ferritic heat-resistant steels at 900°C and
1000°C. The characteristics of the oxide layer-were analyzed by X-ray diffraction,
scanning electron microscopy, and energy dispersive spectroscopy. The results show
that the oxidation-kinetics curves.of the two tested steels follow the parabolic law,
with the parabolic rate canstant Kp of Fe-9Cr-5Si-3Al steel being much lower than
that of 9Cr-5Si steel at both 900°C and 1000°C. The oxide film on the surface of the
9Cr-5Si alloy exhibits Cr,MnQ,4 and Cr,O3 phases in the inner layer after oxidation at
900 ‘CHamevid0@tCoxidation temperatures of 900°C and 1000°C, the
oxide film of the 9Cr-5Si-3Al alloy consists only of Al,O3 and its oxide layer is
thinner than that of the 9Cr-5Si alloy. These results indicate that the addition of Al to
Fe-9Cr-5Si steel can improve its high-temperature oxidation resistance, which can be
attributed to the formation of a continuous and compact Al,O3 film on the surface of

the steel.
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1 Introduction

Due to their high-temperature strength and high-temperature oxidation resistance,
heat-resistant steels are widely used in equipment that must be operatedsin
high-temperature environments, such as boiler pipelines, steam headers, steam.lines,
and other parts used in ultra-supercritical power plants, automotive exhaust systems,
and solid oxide fuel cells [1-4]. Among the heat-resistant steels;<ferritic heat-resistant
steels have attracted much interest due to their good corrosion resistance, excellent
thermal properties, and mechanical strength. In-addition, the price of these steels is
very competitive in comparison to austenitic heat-resistant steels containing high Cr
and Ni.

One important ferrite heat<resistant steel, 9-12%Cr martensitic-ferritic steel, has
high creep resistance,.goodyoxidation resistance, and high-temperature strength and
has been used in the,construction of boilers parts and steam pipes in ultra-supercritical
power plantsiand nuclear power plants [5-9]. To improve creep strength, Mo, W, V,
Nb and other alloying elements have been used in 9-12 ferritic heat-resistant steels
via~ solid-solution strengthening and precipitation hardening [10, 11]. Zhou et al.
reported that the refinement of martensitic laths and second-phase particles improves
high-temperature performance due to the lack of coarse M,3Cs carbide and Laves
phases [8, 10]. Fe-based oxide-dispersion-strengthened steels with yttria and Al have

been reported to exhibit good high creep resistance and superior corrosion resistance
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[10, 12].

Ferritic heat-resistant stainless steel, another ferritic heat-resistant steel with
high-temperature performance and corrosion resistance, is resistant to higher
temperatures than 9-12% Cr martensitic-ferritic steel due its more than 15% Cr
concentration [13-15]. Homogeneous shear deformation and uniform recrystallized
grains with random orientations have been reported to be obtainable by thé.use of an
asymmetric rolling process as a heavy plastic deformation methed/ to achieve
asymmetric grains that are ultra-fine in size [16].

High-temperature oxidation resistance is consideredto be“an important property of
ferritic heat-resistant steel. Although the structuresof oxide films is complex in
different steels due to the different types and contents of the alloying elements, much
work on oxidation at high temperature_has been conducted in recent years [4, 13, 17,
18]. Cr plays a dominant role in\high-temperature oxidation, which can be attributed
to the formation of protective Cr,O3 scales on the surface of the matrix that act as a
barrier to the diffusion of oxygen through the oxide film, which would lead to the
further oxidation of the matrix. However, since a higher Cr content can result in phase
instability, to further hinder the internal diffusion of oxygen, the addition of Mn yields
the'more stable manganese spinel Cr,MnO,4 on the surface of the matrix than can be
obtained with just Cr,03 [13, 19, 20]. Zhou et al. reported that a (Fe, Cr),0O3 phase
forms on the surface of 9% Cr ferritic heat-resistant steel oxidized at 700°C [7]. As an
element with a high affinity for oxygen, Al is the main alloy used to improve

oxidation resistance by the formation of Al,O3; on the surface of steels, with a single
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Al,O3 phase occurring on the outer layer of this oxide film [13, 14, 17].

The great increase in municipal solid waste presents a serious problem as the
population continues to increase along with ongoing economic development. Among
the municipal solid-waste disposal options, waste incineration is an effective
technology that can reduce the volume of solid waste by 90%. Currently, grate-firing
technology is commonly used for waste incineration [21-23]. However,, Superalloys
such as Inconel 718 and Inconel 600, which are generally used in wastée.incinerators,
greatly increase the cost of this operation. Therefore, in this study, we designed the
Fe-9Cr-5Si-3Al ferritic heat-resistant steel and conducted a“detailed investigation of

the high-temperature oxidation behavior of steels.containing Al.

2 Materials and Methods

In this experiment, we used*9Cr-5Si and 9Cr-5Si-3Al ferritic heat-resistant steels,
the chemical compositionsyof which are shown in Table 1. First, the steels were
melted in a vacuum induction furnace, whereby the ingots were homogenized at
1200°C for 480min and then hot-forged into billets with dimensions of 25mm x
65mm~x~800mm. For the oxidation tests, rectangular specimens were cut from the
forged billets to the dimensions 15mm x 10mm x 5mm using an electrical discharge
machine. Prior to the oxidation tests, the surfaces of all the specimens were
mechanically ground with abrasive paper with grit numbers up to 1500 (10um SiC
particles) and then polished, degreased in an acetone bath, and cleaned ultrasonically

in an ethanol bath.



Cyclic oxidation tests were performed at 900°C and 1000°C in a box-type
electric-resistance heating furnace (type: SX2-10-13, Shanghai, China) for oxidation
times of 10h, 30h, 50h, 70h, and 90h. Corundum crucibles were prepared and baked
in a resistance heating furnace at 1100°C for 2h to remove any residues inside the
corundum crucibles and thus ensure the constant weight of the crucibles. Before each
oxidation test, a crucible containing one specimen was baked at 120°C for 1h. The
total weight of the specimen and crucible was determined before'and after the
oxidation tests using an electronic balance (type: TE124S) with a-resolution of 10 *g.

We analyzed the phases of the oxide scale on the oxidized sample surface by
X-ray diffraction (XRD) (40kV, 40mA, and Cu-KasA = 1.54056A).We investigated
the surface morphology and cross-section of‘the oxide scale on the sample surface
using a scanning electron microscope (SEM, S-3400N) equipped with an electron
dispersive spectroscope (EDS).\\e“also determined the chemical composition of the
oxide scale using EDS.

To protect the oxide scales and facilitate their observation, we deposited a layer of
gold onto the oxide layer by vapor deposition.

Table 27 Chemical composition of the tested steels (wt%b)

Alloy Al C Si Mn P S Cr Nb Fe

9Cr-5Si
- 027 56 036 0.0072 0.0045 9.12  0.290 bal

9Cr-5Si-3Al
290 028 55 032 0.0088 0.0048 9.07 0.298 bal

3 Results and Discussion



3.1. Cyclic oxidation Kinetics

Fig. 1 shows the cyclic oxidation-kinetics curves of the 9Cr-5Si and
9Cr-5Si-3Al ferritic heat-resistant steels at 900°C and 1000°C. In the figure, we can
see that the weight gain per unit area increases with increases in the oxidation time for
a given oxidation temperature. We can also see that, for both alloys, the weight gain
increases with an increase in the oxidation temperature. The total weight,gains.at the
end of the cycles up to 90h at 900°C and 1000°C for the 9Cr-5Si and. 9Cr-5Si-3Al
alloys are 0.508mg/cm?, 0.197mg/cm? and 1.831mg/cm?, 0.318mgicm?, respectively.
Furthermore, the oxidation rate of the 9Cr-5Si alloy at.1000°C is much higher than
that at 900°C. As a result, the weight gain of the-9€=5Si alloy is significantly greater
by about 72.2% when the oxidation temperattre Was increased from 900°C to 1000°C.
The 9Cr-5Si-3Al alloy, however, exhibits no significant increase in weight gain as the
oxidation temperature increasedsfrom 900°C to 1000°C. As evident from Fig. 1, the
oxidation rate of the 9Cr-5Si-3Al alloys is low and remains constant after about 30h,
which indicates that,the addition of Al can obviously improve the oxidation resistance

of the alloy, especially at a higher temperature.
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Fig. 1. Cyclic oxidation-kinetics curves of two samples oxidized in air at 900 °@hd 1000 °C

As shown in Fig. 1, the cyclic oxidation-kinetics curves of the two kinds of
alloys follow a parabolic rate law at oxidation temperatures of 900
This means that a protective oxide layer forms during the first stage of oxidation’ and
then the growth of this oxide layer is controlled by the diffusion of metal“arexygen
during the oxidation process. As a result, the decrease in the weight/gain in the
subsequent oxidation process can be attributed to the lower diffusion coefficient of the
elements in the oxide film formed on the surface.

The oxidation kinetics of the two alloys shewn in Fig. 1 follow Equation (1)
below [14], which indicates the relationship/between the oxidation time t and weight
gain per unit area of a sample, where_ k,,)Is a parabolic rate constant. A low k, value
indicates a low oxidation rate, thatis, high oxidation resistance. Using Equation (1),

. \ & e
we can fit a linear regression line of T Versus t, as shown

2
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in Fig. 2. Thisjalso confirms the parabolic features of the oxidation kinetics of the
tested-alloys. From Fig. 2, we can obtain the parabolic rate constant k,values, which
are-listed in Table 2. In Table 2, we can see that the 9Cr-5Si-3Al alloys exhibit lower
k, values than the 9Cr-5Si alloys at both oxidation temperatures of 900
1000 Based herefétie, low k,, values, we can conclude that the
9Cr-5Si-3Al alloy exhibits better oxidation resistance. This improvement in the

oxidation properties can be attributed to the effect of the Al alloying element.
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Fig.2. (AW/A ) versus t(h) plots of cyclic oxidation-kinetics curyves of two alloys

Table 2. kp values of the alloys at different temperatures/ mg®cm *h™

900 °C 1000 °C
9Cr-5Si 2.75x10° 3.47x10?
9Cr-5Si-3Al 3:30x10™ 1.48x10°

3.2. XRD characterization of the oxide layers

Fig-"3"shows the XRD patterns of both alloys after oxidation for 10h, 50h, and
90h"at 900°C and 1000°C. In Fig. 3a, Cr,03 and Cr,MnQO, phases can be identified
after oxidation at 900°C to 1000°C at different times and the oxide content on the
surface increases with increases in both the oxidation temperature and time.
Furthermore, we find that the intensity of the a-Fe diffraction peak obviously

decreases with increases in the oxidation time at 1000 0@n wéiatributed to



the increase in the thickness of the oxidation layer. However, at 900 & o-Fe
diffraction peak shows no obvious change with increases in the oxidation time. This is
most likely due to the low rate of growth of the oxide layer at 900 ;@hich results in
a thin oxide layer. As shown in Fig. 3b, the oxide layer of the alloy to which Al had
been added exhibits an Al,O3; phase at both 900 °@nd 1000 °@s well as an a=Fe
matrix. After oxidation, no Cr,03 or Cr,MnQ, phases are found in the 9Cr-5Si-3Al
alloy, which indicates that the addition of Al changes the structure of the.oxide film on
the surface of the sample due to the high affinity of Al for oxygen< The formation of

Al;O5 in the outer layer occurs prior to the formation of ptheroxides in steels.
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Fig. 3. XRD patterns of the alloys oxidized at various stages: (a) 9Cr-5Si, (b) 9Cr-5Si-3Al



3.3 Evolutions of the oxidation layer

Fig. 4 shows the surface morphologies of the oxides of the 9Cr-5Si alloy after
oxidation at 900°C and 1000°C for 50h. As we can see in the figure, the surface
morphology of the oxide exhibits regular polyhedral particles at oxidation
temperatures of both 900°C and 1000°C. However, it is clear that the size of the oXide
particles formed at 1000°C are larger than those formed at 900°C, and,some.small

spherical particles can be seen in Fig. 4b.

The surface morphologies of the oxide of the 9Cr-5Si-3Al-alley oxidized at 900°C

and 1000°C are shown in Figs. 5a and 5b, respectively, in Which we can see that the
oxides formed at an oxidation temperature of 900°C. have a whisker-like shape and
with increases in the oxidation time, the volume of whisker-like oxides increases,
which results in full coverage of the sample surface. However, after oxidation at 1000
for 50h, the oxide particles exhibit“a uniform polyhedral shape, as shown in Fig. 5c,
and the whole surface.of the sample is covered. The whisker-like oxides can be
considered to be_ mgtastable 0-Al,O; when oxidized at 900 ;Owhich are then

transformed into a stable and granular a-Al,O3 at 1000°C [24].
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Fig. 4. SEM surface morphologies of 9Cr-5Si alloy at 900 &itandoro0@)Cat 900
for 50h, (b) at 1000 °C for 50h
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Fig. 5. SEM surface morphologies of 9Cr- Al alloy at 900 &tandoroo@Cat
900 00 fin) At °Ccjat AWO0 °C for 50h
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Tables 3 and 4 &@ﬂe chemical compositions, as determined by EDS analysis,

of the 9Cr-5Si a@Cr-SSiBAI alloys after oxidation at 900°C and 1000°C. The
results indi Qhat the oxide particles of the 9Cr-5Si alloy contain higher O, Cr, and
Mn c@gts as shown in Table 3. Hence, we can conclude that the oxide particles are
Cmm and Cr,0s. Table 4 shows the results obtained for the 9Cr-5Si-3Al alloy
oxidized at 900°C and 1000°C, which clearly indicate that the oxides on the surface
mainly contain O and Al after oxidation at 900°C and 1000°C, from which we can

infer that these surface oxides exhibit an Al,O3 phase.
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Table 3. Chemical composition of 9Cr-5Si alloy after oxidation at 900°C

Region ]

Atom fraction/%

0] C Cr Fe Mn Si
A 54.61 - 22.31 1.39 21.53 0.16
B 50.41 17.01 21.79 0.78 9.93 0.07

Table 4. Chemical composition of 9Cr-5Si-3Al alloy after oxidation at 1000°C

Region .

Atom fraction/%

0] Cr Fe Al Si
A 60.90 0.21 0.55 38.31 0.03
C 55.75 1.17 8.17 34719 0.73

Fig. 6 shows the backscattered electron image (BSE) cross-sectional
morphologies of the specimens after oxidation at 900°C and 1000°C for 90h, in which
we can clearly see that. the oxide layer of the 9Cr-5Si alloy is much thicker after
oxidation at 1000°C than that at 900°C. However, the oxide layer of the 9Cr-5Si-3Al
alloy is much thinner than that of 9Cr-5Si alloy for the same oxidation conditions and
exhibits’ no obvious increase in thickness with an increase in temperature. These
results indicate that the 9Cr-5Si-3Al alloy has a lower oxidation rate than the 9Cr-5Si
alloy with an increase in the oxidation temperature, which results in better oxidation
resistance even at the high temperature of 1000°C. This result also is consistent with

the oxidation kinetics shown in Fig. 1 and confirms that the addition of Al serves to
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improve the oxidation resistance of the alloy.
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Fig. 7 shows the element depth profiles of the 9Cr-5Si and 9Cr-5Si-3Al alloys by
EDS line-scan analysis after oxidation at 900°C and 1000°C for 90h. As shown in

Figs.7a-7b, the elements Mn and Cr are enriched in a range from the surface to about
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3um and 9um after oxidation at 900 Ceapectioeby/CTHen9bhe
Mn content decreases and the Cr content increases significantly in the range from 3-6
and 9-15um, respectively. These results indicate that the oxide layer of the 9Cr-5Si
alloy after oxidation at 900 SO abAth00OKArOrsiatl Cr,0; in the
outer layer and only Cr,Os in the inner layer. The results also indicate that ‘the
thickness of the oxide layer obviously increases with an increase in the ,oxidation
temperature, which is consistent with the results shown in Fig. 6.%As such, Mn
obviously has good mobility through the lattice, since it was detected throughout and
on top of the Cr,O3 layer. The formation of an MnCr,O, outer layer can be attributed
two main reasons, the first being that the high diffusivity of Mn®" in the Cr,0; layer
promotes the outward diffusion of Mn?* to thé\stirface [24]. The second reason is that
the MnO formed on the outward side ‘of the oxide layer reacts with Cr,O3 to
immediately form Cr,MnO, spinel’oxides due to the more negative standard Gibbs
free energy associated.with'the formation of Cr,MnQO, oxides than with binary MnO
and Cr,03 oxides, which results in the Cr,MnQ, spinel phase being more stable [13,
24]. The reaction equation can be described as follows:

MNO(s) + Cr,03 (S) = CroMnQq4 (S). (2
In addition, the MnCr,O4 spinel oxides act as a compact barrier to retard the inward
diffusion of O, which reduces the weight gained by the oxide layer [25].

As shown in Figs. 7c-7d, only the O and Al are enriched from the surface to
about 1.5-2um at oxidation temperatures of 900°C and 1000°C for the 9Cr-5Si-3Al

alloy. This indicates that the oxide layer only consists of Al,O3 and is thinner than that
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of the 9Cr-5Si alloy. Based on the Gibbs free energy associated with the formation of
Al;05[26], Al has high affinity for oxygen, which results in the formation of Al;Os in
the outer layer prior to the formation of other oxides in steels. Once the Al,O3 layer
has formed on the surface, the flux of oxygen from the outer layer to the inner layer is
greatly decreased. Therefore, it is very difficult for other oxides to form, so’‘the
oxidation rate obviously decreases once the continuous and compact Al,O3z.layer has
formed on the surface of the steel. Thus, the oxidation resistance of the steels at high

temperature is significantly improved.

4 Conclusions
In summary, the oxidation behaviors) of the 9Cr-5Si and 9Cr-5Si-3Al ferritic
heat-resistant steels are as followvs:
(1) The oxidation-kinetics curves of the 9Cr-5Si and 9Cr-5Si-3Al ferritic
heat-resistant steels,were found to follow the parabolic law. The 9Cr-5Si-3Al steel
exhibited lower oxidation rates than those of 9Cr-5Si steel at both 900°C and 1000°C,
and its"oxidation rate showed no significant increase with an increase in the oxidation
temperature.
(2) The outer oxide layer of the 9Cr-5Si alloy exhibited MnCr,O4 and Cr,O3 phases
after oxidation at 900 o 0 DO QOIGe oeueved, only in the
inner layer.

(3) The oxide layer of the 9Cr-5Si-3Al alloy consisted only of the Al,O3 phase at
16



oxidation temperatures of 900°C and 1000°C and this layer was much thinner than
that of the 9Cr-5Si alloy. The Al,O3 oxide layer was continuous and compact on the
surface of the steel, which indicates that the addition of Al in steel can significantly
improve the high-temperature oxidation resistance of steels.
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