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Abstract: Protective coating is an effective way to extend materials’ high-temperature service life. In
order to improve the high-temperature oxidation resistance of AISI 304 stainless steel, mullite films
with different layers were successfully prepared by the sol-gel method and the sintering process on
the surface of stainless steel. The effect of the film layers on the high-temperature oxidation resistance
of stainless steel at 900 ◦C for 100 h was studied. The analysis results of oxidation kinetics, X-rays
diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive analysis (EDS) show
that Al1.4Si0.3O2.7 mullite film effectively improved the high-temperature oxidation resistance of
stainless steel. The sample with three-layer mullite film has the best high-temperature oxidation
resistance. The mass gain and oxidation spalling mass are only 4.6% and 34.5% of those of the
uncoated sample after 100 h cyclic oxidation at 900 ◦C. A chromium oxide layer was formed at the
interface of mullite film and the substrate during the sintering process. The generation of selective
Cr2O3 scale was promoted at the cyclic oxidation stage so that the sample with three-layers has
excellent high-temperature oxidation resistance.

Keywords: sol-gel method; mullite film; film layers; high-temperature oxidation resistance;
selective oxidation

1. Introduction

AISI 304 stainless steel is widely used in traditional industrial fields such as auto-
mobile manufacturing, power equipment, petrochemical industry, etc, by virtue of its
excellent comprehensive mechanical properties, corrosion and high-temperature oxidation
resistance [1–3]. High Cr, Ni and low carbon content make it keep austenite state and be
applied in an environment below 800 ◦C. However, AISI 304 stainless steel will be oxidized
at a faster rate when the temperature reaches 900 ◦C, which limits its application in a
wider range [4–6]. The high-temperature oxidation rate of materials could be improved by
means of alloy addition, micro-crystallization [7–9], pre-oxidation [10], reactive element
addition [10] and protective coating/film [11–14], among which protective coating/film is
an effective way to extend materials’ service life.

There are many processes for preparing high-temperature protective coating/film.
Compared with other coating technology, the sol-gel reaction precursor is uniformly
dispersed in the solution and the reaction proceeds at the molecular level. Therefore, a
highly pure and uniform film can be obtained by the sol-gel method [15–20]. Mullite
is a ceramic material composed of Al2O3 and SiO2, which has the characteristics of low
expansion coefficient, high melting point, strong corrosion resistance and excellent thermal
shock resistance [21–25]. It is a potential high-temperature engineering material [26–30]
due to its excellent high-temperature performance, which makes it widely used in kiln
linings, pipelines, and steam turbines. Different kinds of mullite materials are prepared
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and used for the water vapor corrosion at elevated temperature [29], hot gas and oily water
cleaning and antibacterial biofilm.

Mullite film/coating is used to improve high-temperature oxidation of C/C compos-
ites [30–32] and stainless steel [33]. Lei Zhou prepared mullite whisker-mullite/yttrium
aluminosilicate coating on SiC coated C/C composites. The porous mullite middle coating
prepared by supersonic atmospheric plasma spraying relieves the concentration of stress,
improving thermal shock properties and oxidation resistance at 1773 K [30]. Pengju Chen
deposits a novel tri-layer Yb2Si2O7/Al6Si2O13/SiC environment barrier coatings (EBCs)
on the surface of Cf/SiC composites. The mullite middle coating prepared by the air spray
sol-gel method can efficiently prevent the oxidation of Cf/SiC composites at 1673 K [31].
Wen successfully prepared a dense and uniform mullite coating on the carbon/carbon
composite material by the sol-gel method. The coating provides effective high-temperature
protection for the carbon/carbon composite material [32]. Ma H prepared mullite coatings
were prepared on stainless steel by the sol-gel and dip-coating method. The influences
of sol concentration, heating time, heating rate, sintering temperature on the quality of
the mullite coatings were studied. The optimum sintering temperature was obtained
through the thermal shock resistance test [33]. However, few reports have been found on
the effect of mullite film layers on the high-temperature oxidation resistance of stainless
steel. In this paper, a sol-gel method was used to prepare mullite film on the surface of
304 stainless steel, and the effect of mullite film and the number of film layers on the
high-temperature oxidation resistance of AISI 304 stainless steel and the corresponding
mechanism was studied.

2. Materials and Methods
2.1. Substrate Pretreatment

The rolled AISI 304 stainless steel plate was used as substrate. Its chemical composition
and mechanical property are shown in Tables 1 and 2. It was cut into a square sample
(15 mm × 15 mm × 3.5 mm) with an SXC-73 type wire cutting device produced by Jiangxi
Wuji Shiye Co., Ltd. (Nanchang, China). The samples were ground with 200, 400, 600 and
800 sandpaper to remove the surface oxide layer. The ground stainless steel samples were
placed in a KH-50B ultrasonic instrument produced by Kunshan Hechuang Ultrasonic
Instrument Co., Ltd. (Kunshan, China), washed with deionized water and absolute ethanol
for 5 min respectively, and then dried in an HY-RH30-500 drying oven produced by
Dongwan Hongjin Testing Instrument Co. Ltd. (Dongguan, China) for later use.

Table 1. Chemical composition of AISI 304 stainless steel.

Element Cr Ni C Si Mn Cu V Fe

Content/wt.% 18.24 7.90 0.065 0.42 1.25 0.019 0.60 Bal.

Table 2. Mechanical property of AISI 304 stainless steel.

Property σb σ0.2 δ5 ψ HRC

Value ≥520 MPa ≥205 MPa ≥40% ≥60% 29.8

2.2. Preparation of Mullite Precursor Sol

Tetraethyl orthosilicate (TEOS) was dissolved in ethanol at room temperature, stirred
for 30 min to uniform mixing and then heated to 60 ◦C. Deionized water and nitric acid
were added. The pH of the solution was adjusted to 2 with HNO3. The solution was stirred
for 60 min until the color turns to translucent, then aged at room temperature for 6 h to
obtain a transparent SiO2 sol. Aluminum isopropoxide ([(CH3)2CHO]3Al) was dissolved in
excess deionized water at 90 ◦C, closed stirred for 1.5 h and then open stirred for 30 min to
obtain the hydrolyzed boehmite. Meanwhile, the isopropanol produced by hydrolysis was
volatilized. Deionized water was added in time to ensure the final molar ratio of aluminum
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isopropoxide to deionized water is 1:100. The HNO3 peptizer was added to adjust the sol’s
pH to 2 and closed stirred for 1 h. The clear Al2O3 sol was obtained by refluxed and aged
for 12 h at 90 ◦C. The prepared SiO2 sol was added dropwise to the Al2O3 sol until the
molar ratio of Si to Al is 1:3. HNO3 was added dropwise to adjust the pH to 2. The mixing
sol was then stirred for 1 h. B2O3 flux was added to sol solution where the mass ratio of
B2O3 to mullite is 1:2. Mullite film precursor sol was obtained after stirred for 1 h.

2.3. Preparation of Mullite Film

The pretreated sample was dipped in mullite sol for 60 s and then pulled at a speed
of 10 mm/min by a YYF-50 slow strain rate stress testing machine produced by Shanghai
Bairuo Testing Instrument Co., Ltd. (Shanghai, China) After each dipping operation, the
sample was dried at room temperature for 20 min and then placed in an HY-RH30-500
drying oven at 100 ◦C for 20 min to complete an operation. According to the above method,
samples with one, three, six, and nine film layers were prepared respectively. The sintering
process was carried out in a GSL-1500X type vacuum tube furnace produced by Hefei
Kejing Material Technology Co., Ltd. (Hefei, China) The samples were heated to 300 ◦C
at a heating rate of 5 ◦C/min and held for 20 min, then heated at 5 ◦C/min to 900 ◦C and
held for 60 min, and finally furnace cooled to room temperature. The mullite films with
different layers were obtained. Argon gas of 5N with a flow rate of 0.1 L/min was used as
protective gas during the sintering process.

2.4. Oxidation Tests

The cyclic oxidation method was used to characterize the high-temperature oxidation
resistance of the samples. The samples were put into crucibles to collect the spallation
scales. After measuring the surface areas of the samples, the crucibles with samples were
put in an SRJX-4-13 muffle furnace produced by Tianjin Taist Instrument Co., Ltd. (Tianjin,
China) at 900 ◦C for 100 h. The crucibles with and without samples were weighed in an
FA2004N electronic balance with an accuracy of 10−5 g produced by Shanghai Precision
Scientific Instrument Co., Ltd. (Shangai, China) after being air cooled for 20 min for each
10 h exposure. Oxidation kinetics curves were plotted by the mass gain and spallation
mass of the samples vs. time. Before oxidation, the crucibles were heated to 900 ◦C for 10 h
to remove the moisture and other high-temperature volatile substances so as to minimise
experimental error.

2.5. Analysis Method

The samples coated with different layers before and after cyclic oxidation were set
by XQ-2Bϕ22 metallographic specimen mosaic machine produced by Laizhou Weiyi Test
Instrument Manufacturing Co., Ltd. (Yantai, China) Their cross sections were ground with
SiC sandpaper and finally polished. The surface and cross section morphology of the
filmed samples were observed by TESCAN VEGA3 SEM (Brno, Czech Republic), and the
composition and phases were analyzed by Oxford x-stream-2 EDS (Abingdon, UK) and
RIGAKU D/MK2 500 XRD (Tokyo, Japan).

3. Results and Analysis
3.1. Morphology and Composition of Mullite Film

Figure 1 shows the SEM surface morphology of the AISI 304 stainless steel coated with
different mullite layers. For single-layer and three-layer mullite film samples (Figure 1a,b),
the ground marks can be clearly observed, which indicates the thicknesses of films were
relatively thin. Many tiny particles were present on the surface. For the single-layer mullite
film sample, the film was imperfect and noncontinuous, shown as point A. For the six-layer
mullite film sample (Figure 1c), the ground marks can be vaguely seen, indicating that the
mullite film was thicker. There were many small cracks, whose width was about 1~2 µm.
Traces of film spalling can be seen, shown as point B. For the nine-layer mullite film sample
(Figure 1d), the film was the thickest. There were more large cracks, the width of which
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was about 2~4 µm. So the three-layer film was more closely bonded to the stainless steel
and continuous.
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Figure 1. SEM surface morphology of mullite films after sintering with different layers: (a) single-layer; (b) three-layer;
(c) six-layer; (d) nine-layer.

EDS analysis of the points C and D in Figure 1d are shown in Table 3. The black gray
oxide layer on the surface was mainly composed of Al and Si oxides. The measured molar
ratio of Al:Si was about 3:1, which was consistent with the element ratio in mullite sol,
indicating that mullite had been successfully prepared on the surface of stainless steel, and
the film composition was uniform. Fe and Cr elements can be also found.
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Table 3. EDS analysis results at the mark of the sample coated with nine-layer of mullite film.

Symbol At.%Fe At.%Cr At.%Al At.%Si At.%O At.%Ni

C 10.26 4.59 23.16 7.27 53.73 1.00

D 16.81 5.99 16.89 4.93 53.64 1.74

Figure 2 is the cross section morphology of samples with different layers of films after
sintering. The film was very thin. It is difficult to determine its thickness. EDS element
line scan for samples with nine-layer film shows that the film was about 2 µm due to the
high content of Al, Si and O. A diffusion layer of about 1µm was formed, which was rich
in Cr and O. It is speculated to be Cr2O3. For a film with fewer layers, its thickness may be
nano-scale. Meanwhile, the thickness of the film was not uniform.
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3.2. Oxidation Kinetics Analysis

Figure 3 shows the oxidation kinetics curves of the samples uncoated and coated with
mullite film of different layers cyclically oxidized in air at 900 ◦C for 100 h. The oxide mass
gain and the spallation mass of the uncoated sample were the largest, which were 0.65 and
0.44 mg/cm2 respectively. After 100 h cyclic oxidation, the oxide mass gain curve of the
uncoated sample showed an almost linear growth trend in the first 70 h, and the oxide
mass gain at the last oxidation stage (70–100 h) increased slowly. Compared with that of
uncoated, the high-temperature oxidation resistance of the samples coated with different
mullite layers film had been improved obviously. The oxide mass gain of mullite film
decreased with the increase of the number of film layers while the oxide spallation mass
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increased with the increase of the number of film layers. The oxide mass gain of single,
three, six and nine layer samples were 0.36, 0.15, 0.14 and 0.03 mg/cm2, respectively, which
were 55.4%, 23.1%, 21.5% and 4.6% of the uncoated sample. The oxide spallation mass of
single, three, six and nine layer samples were 0.05, 0.05, 0.09 and 0.15 mg/cm2, which were
11.3%, 11.3%, 20.5% and 34.1% of the uncoated sample. The sample coated with three-layer
mullite film has the best high-temperature resistance.
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3.3. Surface Morphology and Phase Analysis of Oxide Scale Layer

Figure 4 and Table 4 show the SEM surface morphology and EDS analysis of 304 stain-
less steel uncoated and coated with different mullite layers film oxidized at 900 ◦C for
100 h. The surface of the uncoated sample (Figure 4a) was loose and porous, with obvious
cracking marks. The surface of the sample coated with single-layer mullite film (Figure 4b)
was completely covered by newly formed oxides, the oxide distribution was relatively
uniform, and slight cracks were present on the surface. The prepared film was not visible.
For the samples with three-layer, six-layer and nine-layer films, granular particles with
regular geometric shapes were growing out at the cracks of the large pieces of the film. The
composition (point F) was mainly Cr and O, which means it was the Cr2O3 phase. The
composition of the flat film (point E) was mainly Al, Si and O, which shows that mullite
film still existed after 100 h oxidation at 900 ◦C and gave effective protection to the stainless
steel substrate. The cracks on the surface of samples with six-layer and nine-layer film
were wide. Some oxide particles were loosely present on films. The EDS results of the
oxides scale show that the contents of Al, Si and O elements increase with the increase of
layers, which indicates the thicker film for more layers. The ratio of Cr/Fe of the oxides
scale for the uncoated sample was 16.74, which was higher. The Cr/Fe ratio decreases with
the increase of the layer number.
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Table 4. EDS analysis results of the sample with different-layer of mullite film after oxidation.

Site Wt.%Fe Wt.%Cr Wt.%Al Wt.%Si Wt.%O Wt.%Ni Cr/Fe Ratio

Uncoated 3.61 60.42 - - 35.55 0.42 16.74

Single layer 2.78 59.08 0.32 0.34 37.23 0.25 21.25

Three-layer 3.99 53.50 3.22 1.16 37.69 0.44 13.41

Six-layer 5.34 45.68 7.38 2.54 38.58 0.47 8.55

Nine-layer 6.49 35.79 11.82 3.94 41.45 0.51 5.51

Point E 1.03 16.12 25.84 8.19 48.82 - -

Point F 1.09 46.74 0.74 0.11 51.23 0.09 -

Figure 5 shows the XRD spectra of the samples uncoated and coated with a nine-layer
mullite film after cyclic oxidation at 900 ◦C for 100 h. It can be seen that the oxides scales of
the uncoated sample are mainly composed of Fe2O3, NiCr2O4, FeCr2O4 while Al1.4Si0.3O2.7
mullite film phase and Cr2O3 with excellent high-temperature oxidation resistance can
also be found on the surface of the film sample. For both cases, the substrate peak of
Fe-Cr-Ni phase can be detected. The higher peak of Fe-Cr-Ni phase and the formation of
selective Cr2O3 oxide phase for the film sample indicate that its oxides scale was thinner
and excellent protective.
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Figure 6. SEM cross section morphology of mullite films after sintering with different layers: (a) uncoated; (b) single-layer; 
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Figure 5. XRD spectra of sample uncoated and coated with nine-layer mullite film after cyclic
oxidation at 900 ◦C for 100 h: (a) uncoated sample; (b) coated nine-layer mullite film sample.

Figure 6 shows the cross section morphology of the samples uncoated and coated with
different-layer films after oxidation. The oxides scale formed on the uncoated sample were
thicker and had a lamellar structure. Many cracks were present. A few internal oxides were
formed for the sample with a single layer, indicating its poor protection. A continuous thin
oxide scale layer was formed on the samples with three-layer and six-layer film, whose
thickness was very close. A relatively thicker oxides scale layer was formed for the sample
with nine-layer, which means that the complex scale phases were present. It is consistent
with the XRD results.
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Figure 7 is the EDS line scanning analysis of a sample with three layers. There are
two peaks of Si element on the outmost layer. The width of Si peak was about 3 µm. The
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content of Cr and O was high between the film and the substrate. A protective chromium
oxide layer about 6µm thickness was formed on the surface of the substrate. The Al content
was high in all layers, indicating that the Al element diffused into the oxide layer.
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4. Analysis and Discussion

It is well known that Cr2O3, Al2O3 and SiO2 protective oxide scales can effectively
improve the high-temperature oxidation of materials. Mullite is a refractory aluminosil-
icate with high thermal stability, whose molecular stoichiometry is normally between
3Al2O3·2SiO2 and 2Al2O3·SiO2 [24]. In our study, Al1.4Si0.3O2.7 mullite film was formed,
which can be written as 7Al2O3·3SiO2. The higher the ratio of alumina to silica, the higher
the melting temperature of mullite so that the high-temperature oxidation resistance is
better [24]. Strictly speaking, the film is not a real mullite film. Yet Al1.4Si0.3O2.7 mullite
film has excellent performance. The addition of B2O3 flux can remarkably decrease the
formation temperature of mullite [30], which is very important to stainless steel for too
high heating temperature will weaken the steel.

Mullite has an orthorhombic crystal structure. It is composed of AlO6 octahedron
along the c-axis, co-top cross-linked with SiO4 tetrahedron and AlO4 tetrahedron. Its
crystal structure provides it stable chemical properties. Mullite’s thermal conductivity
(3.83 W/m·K at 1000 ◦C) [23] is one magnitude lower than those of Al2O3 (20–32 W/m·K)
and SiO2 (27 W/m·K), which can effectively block heat transfer to the substrate steel.
Moreover, mullite would not have allotropic transformation during heating and cooling,
which avoids the volume mutation during the heat treatment process of application.

The high-temperature oxidation performance of the film is not only related to the
film’s nature but also affected by the continuity. To improve the protective effect of the film,
the thicker film is desired regardless of the economy. However, too thick a film may lead to
excessive stress in the film. The film’s volume would change during the sintering process.
The reaction formula of mullite formation can be expressed as:

3Al2O3 + 2SiO2 → 3Al2O3·2SiO2 (1)

7Al2O3 + 3SiO2 → 7Al2O3·3SiO2 (2)

It is assumed that the densities of the 3Al2O3·2SiO2 and 7Al2O3·3SiO2 are the same,
which is 3.2 g/cm3. The densities of Al2O3 and SiO2 are 3.5 g/cm3 and 2.2 g/cm3 respec-
tively. According to the molar weight and density of reactants and resultants, the volume
shrinkage of 3Al2O3·2SiO2 is 93.9% while that of 7Al2O3·3SiO2 is 97.8%. So the residual
stress in mullite film is tensile stress. When the film layer is thin, the stress in the film can
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be released. With the increase of film layers, the stress in film increases. When the stress
exceeds the strength of the film, cracking occurs. So many cracks were generated on the
mullite film with excessive thick nine-layer. The stress in mullite film with moderate layers
(three layers) is lower so that the film is continuous and well bonded to the substrate.

Although mullite has excellent high-temperature performance, the thermal proper-
ties of film and substrate are quite different. The thermal expansion coefficient of mul-
lite film (5.6 × 10−6/K) [34] is quite different from that of 304 stainless steel substrate
(18–20 × 10−6/K) [35]. The mismatch of the thermal expansion coefficient during the
cyclic oxidation process would cause the increase of internal stress in film, which will
reduce the bonding strength and generate defects such as cracks and peeling. For the high
temperature oxidation process of coated metal samples, the oxidation reaction is mainly
controlled by the mutual diffusion of oxygen inward and base metal elements outward
through the film. Thus, the property and the layer numbers of mullite film will greatly
influence the oxidation process.

At cyclic oxidation temperature of 900 ◦C, the oxygen activity is stronger [36]. For
the uncoated sample, the metal elements on the surface of the substrate and oxygen can
directly react at a relatively rapid rate so that the oxide scale is loose and porous. Fe2O3
with poor protection is generated besides NiCr2O4 and FeCr2O4, which cannot provide
effective protection to the substrate. The spallation mass is the highest. It is the spallation
of Fe2O3 oxide that leads to the higher Cr/Fe ratio of the oxides scale.

304 stainless steel coated with three-layer mullite film has the best high-temperature
oxidation resistance. The reasons are as follows:

(1) The stress in three-layer mullite film is lower so that the prepared mullite film is
well bonded and continuous. The presence of continuous film lowers the oxygen partial
pressure on the surface of the substrate at the initial oxidation stage. According to Wagner’s
selective oxidation transition theory [37]:

Nmin
B >

√
πVAB
VBO

√
kp(PO2)

2DB
(3)

where Nmin
B is the minimum content of the solute element (B) for selective oxidation; VAB

and VBO are the molar volume of the alloy and BO respectively; D is the diffusion coefficient
of B in the alloy; kp(PO2) is the parabolic velocity constant when BO is generated on pure
B, which is the function of oxygen partial pressure.

For the oxidation of stainless steel, Cr and Cr2O3 are solute elements B and BO
respectively. If the oxygen partial pressure PO2 on the surface of the steel is decreased, the
parabolic velocity constant of Cr2O3 oxide will be decreased. So the minimum content of the
solute element (Cr) Nmin

B for selective oxidation will be decreased. The low oxygen pressure
promotes the formation of the protective chromium oxide layer during the following cyclic
oxidation process. Continuous selective Cr2O3 scale with excellent high-temperature
protection will be promoted (Figure 7). The Cr2O3 phase in the XRD result of the sample
with nine layers after oxidation (Figure 5) could verify the above point.

(2) Mullite film itself has outstanding high-temperature oxidation resistance. Its ther-
mal conductivity is much lower, which can effectively decrease the surface temperature of
AISI 304 stainless steel substrate. The decrease of service temperature will also improve
the high-temperature oxidation performance. Furthermore, mullite’s high melting temper-
ature (about 1850 ◦C) and stable chemical crystal structure are very important. Thus the
high-temperature resistance of three-layer mullite film is excellent.

More details about the oxidation kinetics should be concerned. The mass gain of
samples decreases with the increase of layer number. Yet the mass gain (Figure 3a) of
samples with three and six layers are close. The film with six-layer is a little thicker than
that with three-layer. However, there are some small cracks and peels in the six-layer
film. The defects accelerate the oxidation process so that the mass gain is increased. The
oxide scale layer after oxidation is similar. This may be the reason for their equivalent
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mass gain. The spallation mass of samples increases with the increase of layer numbers
(Figure 3b). The unreacted Al2O3 and SiO2 during the sintering process would peel off
from the surface of the film, which causes the degradation of spallation property. The
one-layer and three-layer films have a similar surface morphology. The spallation mass of
samples with one-layer and three-layer films is relatively low and close.

5. Conclusions

1. Al1.4Si0.3O2.7 mullite films of different layers were successfully prepared by the sol-gel
method and sintering process on the surface of AISI 304 stainless steel. The high-
temperature oxidation resistance of stainless steel samples with films was obviously
improved. The results are consistent with the previous references.

2. The sample with three-layer mullite film has the best high-temperature oxidation
resistance. The oxide mass gain and oxidation spalling mass are only 4.6% and 34.5%
of those of the uncoated sample after cyclic oxidation at 900 ◦C for 100 h. A chromium
oxide layer formed during the sintering process promotes the formation of selective
Cr2O3 scale with excellent high-temperature resistance.

3. Further research should be concerned about the sol-gel and sintering process, includ-
ing the sol-gel formulation, sintering temperature and time.
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