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Abstract: To improve the oxidation properties of ferritic heat-resistant steels, an Al-bearing 9Cr‒5Si‒3Al ferritic heat-resistant steel was de-
signed. We then conducted cyclic oxidation tests to investigate the high-temperature oxidation behavior of 9Cr‒5Si and 9Cr‒5Si‒3Al ferritic
heat-resistant steels at 900 and 1000°C. The characteristics of the oxide layer were analyzed by X-ray diffraction, scanning electron micro-
scopy, 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 constant kp of 9Cr‒5Si‒3Al steel being much lower than that of 9Cr‒5Si steel at both 900 and 1000°C. The oxide film
on the surface of the 9Cr‒5Si alloy exhibits Cr2MnO4 and Cr2O3 phases in the outer layer after oxidation at 900 and 1000°C. However, at oxid-
ation temperatures of 900 and 1000°C, the oxide film of the 9Cr‒5Si‒3Al alloy consists only of Al2O3 and its oxide layer is thinner than that of
the 9Cr‒5Si alloy. These results indicate that the addition of Al to the 9Cr‒5Si steel can improve its high-temperature oxidation resistance,
which can be attributed to the formation of a continuous and compact Al2O3 film on the surface of the steel.
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1. Introduction

Due to their high-temperature strength and high-temperat-
ure oxidation resistance, heat-resistant steels are widely used
in equipment that must be operated in high-temperature en-
vironments,  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 res-
istance,  excellent  thermal  properties,  and  mechanical
strength. In addition, the price of these steels is very compet-
itive in comparison to austenitic heat-resistant steels contain-
ing high Cr and Ni.

One  important  ferrite  heat-resistant  steel,  9%–12%  Cr
martensitic-ferritic steel, has high creep resistance, good ox-
idation  resistance,  and  high-temperature  strength  and  has
been used in the construction of boilers parts and steam pipes
in ultra-supercritical  power plants and 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 precipita-
tion hardening [10‒11]. Zhou et al [7,10] reported that the re-
finement of martensitic laths and second-phase particles im-

proves  high-temperature  performance  due  to  the  lack  of
coarse M23C6 carbide and Laves phases. Fe-based oxide-dis-
persion-strengthened steels with yttria and Al have been re-
ported to exhibit good high creep resistance and superior cor-
rosion resistance [10,12].

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

High-temperature oxidation resistance is considered to be
an important  property  of  ferritic  heat-resistant  steel.  Al-
though  the  structure  of  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 dom-
inant role in high-temperature oxidation, which can be attrib-
uted to the formation of protective Cr2O3 scales on the sur-
face of the matrix that act as a barrier to the diffusion of oxy-
gen through the oxide film, which would lead to the further 
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oxidation  of  the  matrix.  However,  a  higher  Cr  content  can
result in phase instability. It was reported that the addition of
Mn yields the more stable manganese spinel Cr2MnO4 on the
surface of the matrix than just Cr2O3 phase, which can hinder
oxygen  diffusing  internally  further  [13,19‒20].  Zhou
et al. [7] reported that a (Fe,Cr)2O3 phase forms on the sur-
face of 9% Cr ferritic heat-resistant steel oxidized at 700°C.
As an element with a high affinity for oxygen, Al is the main
alloy used to improve oxidation resistance by the formation
of Al2O3 on the surface of steels, with a single Al2O3 phase
occurring on the outer layer of this oxide film [13‒14,17].

The great increase in municipal solid waste presents a ser-
ious  problem as  the  population  continues  to  increase  along
with ongoing economic development. Among the municipal
solid-waste disposal options, waste incineration is an effect-
ive 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
waste incinerators, greatly increase the cost of this operation.

Therefore, in this study, we designed the 9Cr‒5Si‒3Al ferrit-
ic heat-resistant steel and conducted a detailed investigation
of the high-temperature oxidation behavior of the steel con-
taining Al.

2. Experimental

In this experiment, the 9Cr‒5Si and 9Cr‒5Si‒3Al ferritic
heat-resistant steels were used, the chemical compositions of
which are shown in Table 1. First, the steels were melted in a
vacuum induction furnace,  whereby the  ingots  were  homo-
genized at 1200°C for 180 min and then hot-forged into bil-
lets with dimensions of 25 mm × 65 mm × 800 mm. For the
oxidation  tests,  rectangular  specimens  were  cut  from  the
forged billets to the dimensions 15 mm × 10 mm × 5 mm us-
ing  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
(10  μm  SiC  particles)  and  then  polished,  degreased  in  an
acetone bath, and cleaned ultrasonically in an ethanol bath.

 
Table 1.    Chemical composition of the tested steels wt%

Alloy Al C Si Mn P S Cr Nb Fe
9Cr‒5Si ― 0.27 5.6 0.36 0.0072 0.0045 9.12 0.290 Bal.
9Cr‒5Si‒3Al 2.90 0.28 5.5 0.32 0.0088 0.0048 9.07 0.298 Bal.

 

Cyclic oxidation tests were performed at 900 and 1000°C
in a box-type electric-resistance heating furnace (type: SX2-
10-13, China) for oxidation times of 10, 30, 50, 70, and 90 h.
Corundum crucibles were prepared and baked in a resistance
heating furnace at 1100°C for 2 h to remove any residues in-
side  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  1  h.  The
total weight of the specimen and crucible was determined be-
fore and after the oxidation tests using an electronic balance
(type: TE124S, China) with a resolution of 10−4 g.

The phases of the oxide scale on the oxidized sample sur-
face were analyzed by X-ray diffraction (XRD) (40 kV, 40
mA, Cu Kα1, λ = 0.154056 nm). The surface morphology and
cross-section  of  the  oxide  scale  on  the  sample  surface
were investigated using  a  scanning  electron  microscope
(SEM, S-3400N) equipped with an electron dispersive spec-
troscope (EDS). We also determined the chemical composi-
tion of the oxide scale using EDS.

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

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
and 1000°C. The weight gain per unit area increases with an
increase in the oxidation time for a given oxidation temperat-
ure. We can also see that, for both alloys, the weight gain in-
creases  with  an  increase  in  the  oxidation  temperature.  The
total weight gains at the end of the cycles up to 90 h at 900
and 1000°C for the 9Cr‒5Si are 0.508 and 1.831 mg/cm2, and
those  for  the  9Cr‒5Si‒3Al  alloys  are  0.197  and  0.318
mg/cm2, 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
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weight  gain  of  the  9Cr‒5Si  alloy  significantly  increases  by
about 260.4% when the oxidation temperature increases from
900 to 1000°C. The 9Cr‒5Si‒3Al alloy, however, exhibits no
significant increase in weight gain as the oxidation temperat-
ure increased from 900 to 1000°C. As evident from Fig. 1,
the oxidation rate of the 9Cr‒5Si‒3Al alloys is low and re-
mains constant after about 30 h, which indicates that the ad-
dition of Al can obviously improve the oxidation resistance
of the alloy, especially at a higher temperature.

As shown in Fig. 1, the cyclic oxidation kinetics curves of
the two kinds of alloys follow a parabolic rate law at oxida-
tion temperatures of 900 and 1000°C. This means that a pro-
tective oxide layer forms during the first  stage of oxidation
and then the growth of this oxide layer is controlled by the
diffusion of metal or oxygen during the oxidation process. As
a result, the decrease in the weight gain in the subsequent ox-
idation process can be attributed to the lower diffusion coef-
ficient  of  the  elements  in  the  oxide  film  formed  on  the
surface.

The oxidation kinetics of the two alloys shown in Fig. 1
follow the following equation [14]:
(∆W/A)2 = kp · t (1)
which indicates the relationship between the oxidation time t
and weight gain per unit area of a sample (ΔW/A), where kp is
a parabolic rate constant. A low kp value indicates a low oxid-
ation rate, that is, high oxidation resistance. Using Eq. (1), we
can fit a linear regression line of (ΔW/A)2 versus t, as shown
in Fig. 2. This also confirms the parabolic features of the ox-
idation kinetics of the tested alloys. From Fig. 2, we can ob-
tain the parabolic rate constant kp values, which are listed in
Table 2. The 9Cr‒5Si‒3Al alloy exhibits lower kp values than
the 9Cr‒5Si alloy at both oxidation temperatures of 900 and

1000°C. Therefore, based on its low kp values, we can con-
clude  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.

3.2. XRD characterization of the oxide layers

Fig. 3 shows the XRD patterns of both alloys after oxida-
tion  for  10,  50,  and  90  h  at  900  and  1000°C.  In Fig.  3(a),
Cr2O3 and Cr2MnO4 phases can be identified after oxidation
at  900  to  1000°C  for  different  time  periods  and  the  oxide
content on the surface increases with increases in both the ox-
idation temperature and time. Furthermore, we find that the
intensity  of  the  α-Fe  diffraction  peak  obviously  decreases
with an increase in the oxidation time at 1000°C, which can
be attributed to the increase in the thickness of the oxidation
layer. However, at 900°C, the α-Fe diffraction peak shows no
obvious change with an increase in the oxidation time. This is
most likely due to the low rate of growth of the oxide layer at
900°C,  which  results  in  a  thin  oxide  layer.  As  shown  in
Fig. 3(b), the oxide layer of the alloy to which Al had been
added  exhibits  an  Al2O3 phase  at  both  900  and  1000°C  as
well as an α-Fe matrix. After oxidation, no Cr2O3 or Cr2MnO4

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 Al2O3 in the outer layer occurs pri-
or to the formation of other oxides in steels.

Table 2.    kp values of the alloys at different temperatures

Temperature / °C
kp / (mg2·cm−4·h−1)

9Cr−5Si 9Cr‒5Si‒3Al
  900 2.75 × 10−3 3.30 × 10−4

1000 3.47 × 10−2 1.48 × 10−3
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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  and  1000°C  for  50  h.
The surface morphology of the oxide exhibits regular poly-
hedral  particles  at  oxidation  temperatures  of  both  900  and
1000°C. However,  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. 4(b).

The  surface  morphologies  of  the  oxide  of  the  9Cr‒
5Si‒3Al alloy oxidized at 900 and 1000°C are shown in Figs.

5(a)‒5(c), in  which the  oxides  formed at  an oxidation tem-
perature of 900°C have a whisker-like shape and with an in-
crease in the oxidation time, the volume of whisker-like ox-
ides  increases,  which results  in  full  coverage of  the sample
surface. However, after oxidation at 1000°C for 50 h, the ox-
ide particles exhibit a uniform polyhedral shape, as shown in
Fig. 5(c), and the whole surface of the sample is covered. The
whisker-like  oxides  can  be  considered  to  be  metastable
θ-Al2O3 when  the  9Cr‒5Si‒3Al  alloy  oxidized  at  900°C,
which are then transformed into a stable and granular α-Al2O3

at 1000°C [24].

 
 

(a)

A

B

(b)

Fig. 4.    SEM surface morphologies of the 9Cr-5Si alloy oxidized at (a) 900°C and (b) 1000°C for 50 h.
 

 
 

(b)(a)

C

(c)

D

Fig. 5.    SEM surface morphologies of 9Cr−5Si−3Al alloy oxidized under different conditions: (a) at 900°C for 30 h; (b) at 900°C for
50 h; (c) at 1000°C for 50 h.
 

Tables 3 and 4 show the chemical compositions of the ox-
ide particles, as determined by EDS analysis, of the 9Cr−5Si
and 9Cr−5Si−3Al alloys after oxidation at 900 and 1000°C.
The results indicate that the oxide particles of the 9Cr−5Si al-
loy  contain  higher  O,  Cr,  and  Mn  contents,  as  shown  in
Table 3. Hence, we can conclude that the oxide particles are
Cr2MnO4 and Cr2O3. Table 4 shows the results obtained for
the 9Cr−5Si−3Al alloy oxidized at  900 and 1000°C, which
clearly indicate that the oxides on the surface mainly contain
O and Al after oxidation at 900 and 1000°C, from which we
can infer that these surface oxides exhibit an Al2O3 phase.

Fig.  6 shows  the  cross-sectional  backscattered  electron
image (BSE) morphologies of the specimens after oxidation

Table  3.      Chemical  composition  of  the  oxide  particles  of  the
9Cr−5Si alloy after oxidation at 900 and 1000°C shown in Fig. 4.

Region O 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  the  oxide  particles  of  the
9Cr−5Si−3Al alloy after oxidation at 900 and 1000°C shown in
Fig. 5.

Region O Cr Fe Al Si
C 60.90 0.21 0.55 38.31 0.03
D 55.75 1.17 8.17 34.19 0.73
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at 900 and 1000°C for 90 h. The oxide layer of the 9Cr−5Si
alloy after oxidation at 1000°C is much thicker than that at
900°C. However, the oxide layer of the 9Cr−5Si−3Al alloy is
much thinner than that of the 9Cr−5Si alloy under the same
oxidation  conditions  and  it  exhibits  no  obvious  increase  in
thickness with an increase in temperature.  These results  in-
dicate that the 9Cr−5Si−3Al alloy has a lower oxidation rate

than the 9Cr−5Si alloy with an increase in the oxidation tem-
perature, which results in better oxidation resistance even at
the high temperature of 1000°C. This result is also consistent
with the oxidation kinetics shown in Fig. 1 and confirms that
the addition of Al serves to improve the oxidation resistance
of the alloy.

 
 

(b)(a) Clad layer

Clad layer
(c) (d)

Fig. 6.    Cross-sectional BSE micrographs of the 9Cr−5Si alloy and 9Cr−5Si−3Al alloy after oxidation for 90 h: (a) 9Cr−5Si alloy at
900°C; (b) 9Cr−5Si alloy at 1000°C; (c) 9Cr−5Si−3Al alloy at 900°C; (d) 9Cr−5Si−3Al alloy at 1000°C.
 

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 and 1000°C for 90 h. As shown in Figs.
7(a)–7(b),  the elements Mn and Cr are enriched in a range
from the surface to about 3 and 9 μm after oxidation at 900
and 1000°C for 90 h, respectively. Then, the Mn content de-
creases and the Cr content increases significantly in the range
from 3–6 and 9–15 μm, respectively. These results indicate
that  the  oxide  layer  of  the  9Cr‒5Si  alloy  after  oxidation  at
900 and 1000°C consists of both Cr2MnO4 and Cr2O3 in the
outer layer and only Cr2O3 in the inner layer. The results
also indicate  that  the  thickness  of  the  oxide  layer  obvi-
ously increases with an increase in the oxidation temperat-
ure, which is consistent with the results shown in Fig. 6.
As such, Mn obviously has good mobility through the lat-
tice,  since  it  was  detected  throughout  and  on  top  of  the
Cr2O3 layer. The formation of a Cr2MnO4 outer layer can

be attributed to two main reasons. The first reason is that
the high diffusivity of Mn2+ in the Cr2O3 layer promotes
the  outward  diffusion  of  Mn2+ to  the  surface  [24].  The
second reason is that the MnO formed on the outward side
of the oxide layer reacts with Cr2O3 to immediately form
Cr2MnO4 spinel oxides due to the more negative standard
Gibbs  free  energy  associated  with  the  formation  of
Cr2MnO4 oxides than with binary MnO and Cr2O3 oxides,
which  results  in  the  Cr2MnO4 spinel  phase  being  more
stable [13,24]. The reaction can be described as follows:
MnO(s)+Cr2O3 (s) = Cr2MnO4 (s) (2)

In addition, the Cr2MnO4 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.  7(c)–7(d), only  the  O and  Al  are  en-
riched from the surface to about 1.5–2.0 μm at oxidation tem-
peratures of 900 and 1000°C for the 9Cr‒5Si‒3Al alloy. This
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indicates  that  the  oxide  layer  only  consists  of  Al2O3 and  is
thinner  than  that  of  the  9Cr‒5Si  alloy.  Based  on  the  Gibbs
free energy associated with the formation of Al2O3 [26], Al
has high affinity for oxygen, which results in the formation of
Al2O3 in the outer layer prior to the formation of other oxides
in steels. Once the Al2O3 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 ox-
ides to form, the oxidation rate obviously decreases once the
continuous and compact Al2O3 layer has formed on the sur-

face of the steel. Thus, the oxidation resistance of the steels at
high temperature is significantly improved.

4. Conclusions

The oxidation behaviors of the 9Cr‒5Si and 9Cr‒5Si‒3Al
ferritic heat-resistant steels are as follows.

(1)  The  oxidation  kinetics  curves  of  the  9Cr‒5Si  and
9Cr‒5Si‒3Al ferritic heat-resistant steels were found to fol-
low  the  parabolic  law.  The  9Cr‒5Si‒3Al  steel  exhibited

 

(a)

300

250

200

150

100

50

0
0 2 4 6

Distance / μm

In
te

n
si

ty
 /

 c
o
u
n
ts

8 10 12

Ⅰ

Ⅱ
O

Mn

Si
Cr

Fe

(b)

1200

900

600

300

0 3 6 12
Distance / μm

In
te

n
si

ty
 /

 c
o
u
n
ts

18 249 15 21 27

Ⅰ
Ⅱ

O

Mn

Si
Cr

Fe

(c)

900

800

700

600

400

500

300

200

100

0
0 1 2 3

Distance / μm

In
te

n
si

ty
 /

 c
o
u
n
ts

4 5

Ⅰ

O

Mn

Al
Si
Cr

Fe

(d)

1600

1200

800

400

0
0 2

Distance / μm

In
te

n
si

ty
 /

 c
o
u
n
ts

4 61 3 5

Ⅰ
O

Mn

Al
Si
Cr
Fe

Fig. 7.    EDS depth profiles of the alloys oxidized at 900 and 1000°C for 90 h: (a, b) 9Cr−5Si alloy at 900 and 1000°C, respectively; (c,
d) 9Cr−5Si−3Al alloy at 900 and 1000°C, respectively.
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lower oxidation rates than the 9Cr‒5Si steel at both 900 and
1000°C, and  its  oxidation  rate  showed  no  significant  in-
crease with an increase in the oxidation temperature.

(2) The outer  oxide layer of  the 9Cr‒5Si alloy exhibited
Cr2MnO4 and  Cr2O3 phases  after  oxidation  at  900  and
1000°C. However, the Cr2O3 phase occurred only in the in-
ner layer.

(3)  The  oxide  layer  of  the  9Cr‒5Si‒3Al  alloy  consisted
only of the Al2O3 phase at oxidation temperatures of 900 and
1000°C  and  this  layer  was  much  thinner  than  that  of  the
9Cr5Si  alloy.  The  Al2O3 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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