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Abstract: A high-temperature water steam (H2O(g)) between 300 ◦C and 1000 ◦C reacted with the
Al surface in this study. The Al surface states were characterized and analyzed using XRD ◦C, XPS,
and SEM after and before the reaction, and the effects and mechanism of H2O(g) on the Al surface
morphology and chemical composition were studied. The experiment showed that for an Al sheet
reacting with H2O(g), its oxide layer morphology changed from nano-needle to flaky and granular
oxides gradually with the rise of temperature, and finally the Al surface became porous as a whole.
Its oxide crystals were amorphous and were determined to be aluminum oxide (Al2O3) using XPS.
The needle-like oxide in the Al sheet surface tended to grow toward the surface, and no obviously
inward oxidizing corrosion layer occurred in the aluminum substrate; the oxide layer between the
oxide and Al sheet substrate was compact, and could effectively prevent the infiltration and corrosion
of water molecules.

Keywords: Al; high temperature water steam; corrosion; surface states; oxide layer

1. Introduction

Pure aluminum has a greater affinity with oxygen and can be automatically oxidized in
atmospheric environments to form an Al2O3 passivation film that is 0.005 to 0.015 µm thick.
The film is very compact, and can effectively prevent further aluminum oxidation; it can
remain stable even at fairly high temperatures [1]. A comparative study on the antioxidant
properties of the heat-resistant Fe−Cr alloy and Fe−Cr−Ni−Al alloy [2–8] found that
the aluminum oxide film in the Fe−Cr−Ni−Al alloy was more stable than the chromium
oxide film [9]. Therefore, the aluminum oxide film that formed in the air did not only
have a better wear resistance to atmospheric corrosion, but it could also help improve the
anti-atmosphere oxidation performance of alloy materials when the aluminum was added
in the form of alloy elements [10–14]. However, in the actual engineering application of
aluminum, in addition to seawater, atmosphere, salt fog, and other environmental factors,
there is also high-temperature air and water vapor corrosion, which often forms a variety
of aluminum amorphous hydrate, and its hardness is not high, its wear resistance is poor,
and thus it has a negative impact on the engineering application of aluminum [15–17].
J.M. Guilemany et al. studied the oxidation behavior of Fe40Al coating in the air at
900 ◦C, 1000 ◦C, and 1100 ◦C. Compared with the matrix, the existence of Al leads to
more significant corrosion resistance of the coating, and the oxidation layer is uniform
and continuous at 900 ◦C, and stable α-Al2O3 is not detected at high temperatures of
1000 ◦C and 1100 ◦C; based on the results of this study, it is speculated that 900 ◦C may
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be the boundary temperature of the oxidation resistance of the coating [18]. However, the
corrosion of aluminum under high-temperature water vapor conditions (300~1000 ◦C) has
not been reported. Based on the aluminum material and high aluminum refractory steel
containing aluminum alloy materials such as those possible under an environment of high-
temperature steam engineering applications [19], this paper uses its own patent research to
develop a superheated vapor reaction device [20]. The behavior of the water vapor and
the physical and chemical properties of aluminum in a high temperature environment of
300~1000 ◦C are studied in order to provide theoretical support for the practical engineering
application of aluminum and its alloys.

2. Materials and Methods
2.1. Experimental Materials and Process

An aluminum sheet with a purity of 99.99% and a thickness of 0.1 mm (General
Research Institute for Nonferrous Metals, Beijing, China) was employed as the experimental
material. The aluminum sheet was first cut to a 12 × 12 mm size, and was then polished
and rinsed ultrasonically three times using waterless ethanol, acetone, and secondary
deionized water, separately. The pure reagents were used for the analysis in the experiment.
During the experiment, the temperature fluctuation was controlled within ±0.3 ◦C, the
gas filling rate was at 10 to 15 mL/s, and the reaction time was 5 min. A self-built high
temperature water vapor reaction device was used as the test reactor, as shown in Figure 1.
The aluminum sheets were dried and placed into the Φ20 quartz tube, as shown in Figure 1;
the Ar gas was filled from the gas inlet of the quartz tube to drain the air. The secondary
deionized water was heated to the experimental temperature using the quartz steam
generator, and the pipe heater and the water vapor flow meter were adjusted to allow
high-temperature water vapor (H2O(g)) to flow into the quartz tube. After the water
vapor was heated using the heating device and it reacted with the sample, it was freely
discharged from the exhaust port of the quartz tube furnace, and the pressure in the tube
was maintained at a constant atmospheric pressure. The quartz tube furnace was heated to
the experimental set temperature, then the quartz tube with aluminum sheets was placed
into the furnace for the reaction of the aluminum sheets with H2O(g); the Ar gas was
gradually turned off. After reaching the set experimental reaction time, the Ar gas was
filled in and the H2O(g) was closed off gradually, and the quartz tube was taken out and
cooled to room temperature; finally, the Ar gas was cut off and the aluminum sheets were
taken out of the quartz tube.
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2.2. Analysis and Characterization

The sample phase analysis was carried out using the DX-2500 X-ray diffraction ma-
chine (XRD, Dandong Haoyuan Instrument Co. Ltd., Dandong, China). The test conditions
were as follows: Cu target Kα ray, tube voltage of 40 kV, tube current of 40 mA, scan-
ning angle range of 30~70◦, step angle of 5◦/min, and sampling time of 1 s. The surface
micro-morphology was determined using the Quanta 450 FEG field emission scanning
electron microscope (FEI Company, Hillsboro, OR, USA), and the surface chemical state
was analyzed using an ESCALAB Model 250 X-ray photoelectronic energy spectrometer
(XPS, Thermo Scientific K-Alpha, Kratos Ltd., Manchester, UK).

3. Results and Discussion
3.1. Effects of High-Temperature Water Vapor on the Aluminum Surface Chemical State

Figure 2 shows the XRD test results of the aluminum surface under different reaction
conditions. It can be seen from the figure that after the reaction of the aluminum sheet
with water vapor at 300 ◦C to 1000 ◦C, its diffraction peaks were consistent with the XRD
characteristic peaks of elemental Al, and no characteristic peaks for the oxide phase were
detected. In order to further understand the oxidation of the aluminum surface, XPS was
used to analyze the aluminum surface. Figure 3a provides the results regarding the survey-
spectrum chemical elements tested using XPS on the surface of the aluminum sheets after
their reaction with the aluminum surface at 400 ◦C. It can be seen that the O 1s, C 1s, and Al
2p were observed on survey spectrum, and O 1s is very bright at 531.3 eV BE in Figure 3c,
indicating that the oxygen content is high on the surface of the Al sheet. More details on
the high-resolution spectrum of Al 2p at a binding energy of 74.3 eV is a characteristic peak
of Al3+, as shown in Figure 3b, providing evidence that the surfaces of the Al sheets were
oxidized, which is consistent with the literature [21]. The peaks at 531.3 eV BE and 74.3 eV
BE were derived from the deconvolution of the high-resolution single peak of O 1s and Al
2p, respectively. As Al2O3 can also appear on the aluminum surface in the atmosphere and
can form a dense oxide layer to prevent further oxidation of the matrix, the XPS test results
show that Al2O3 is indeed present on the aluminum surface, but the XRD test could not
detect the presence of the Al2O3 phase, which just shows that the thickness of the oxide
layer after reacting with high-temperature water vapor is very thin, which is similar to the
thickness of the oxide film formed on the surface of the aluminum after oxidation in air at
room temperature, and its thickness does not increase significantly at high temperatures.
At high temperatures, the reaction process between the aluminum surface and water vapor
should be as follows:

2Al + 6H2O(g)
∆→ 2Al + 12H+ + 6O2− ∆→ Al2O3 + 3H2O↑(g) + 3H2

↑ (1)

Based on this contradictory situation in the XRD testing and XPS analysis, this is
possibly caused by too little peak strength from the too low crystallization, because the
resulting oxide crystals are nearly amorphous [22]. This can also reveal that aluminum in
high temperature water vapor will produce a thin oxide layer at a lower temperature, and
this oxide layer grows less obviously with the rise of temperature. This layer of oxide film
is compact to prevent further oxidation of the aluminum surface, so that the aluminum has
a good stability and resistance to water vapor corrosion [23].
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survey spectrum of the sample surface elements; (b) the high-resolution single peak of Al 2p; (c) the 
high-resolution single peak of O 1s. 

  

Figure 2. XRD spectrograms of the aluminum sheet surface: (a) after reaction with 300 ◦C of H2O(g);
(b) after reaction with 400 ◦C of H2O(g); (c) after reaction with 500 ◦C of H2O(g); (d) after reaction
with 600 ◦C of H2O(g); (e) after reaction with 700 ◦C of H2O(g); (f) after reaction with 800 ◦C of
H2O(g); (g) after reaction with 900 ◦C of H2O(g); (h) after reaction with 1000 ◦C of H2O(g).

Metals 2022, 12, x FOR PEER REVIEW 4 of 9 
 

 

 
Figure 2. XRD spectrograms of the aluminum sheet surface: (a) after reaction with 300 °C of H2O(g); 
(b) after reaction with 400 °C of H2O(g); (c) after reaction with 500 °C of H2O(g); (d) after reaction 
with 600 °C of H2O(g); (e) after reaction with 700 °C of H2O(g); (f) after reaction with 800 °C of 
H2O(g); (g) after reaction with 900 °C of H2O(g); (h) after reaction with 1000 °C of H2O(g). 

 
(a) 

  
(b) (c) 

Figure 3. XPS spectrograms of the aluminum surface after reaction with 400 °C of water vapor: (a) 
survey spectrum of the sample surface elements; (b) the high-resolution single peak of Al 2p; (c) the 
high-resolution single peak of O 1s. 

  

Figure 3. XPS spectrograms of the aluminum surface after reaction with 400 ◦C of water vapor:
(a) survey spectrum of the sample surface elements; (b) the high-resolution single peak of Al 2p;
(c) the high-resolution single peak of O 1s.

3.2. Effects of High Temperature Water Vapor on the Aluminum Surface Morphology

There are no significant changes in the phase information obtained from the XRD test,
indicating that the aluminum sheet surface has not yet produced enough thick enough
oxides to be detected by XRD. For this reason, it is unlikely that the aluminum sheet
surface has significant changes in morphology. However, because of the production
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of significant oxides found in XPS detection, the possibility of changes in the surface
microstructure remains. Because the oxide layer formed on its surface hinders further
oxidation of the aluminum surface, the thickness of its oxide film does not change obviously
with temperature [24]. Therefore, its surface morphology should change mostly in the
structure and the resulting shape. Figure 4 shows the surface morphology of the aluminum
sheet after reacting with water vapor at different temperatures, revealing the formation of
oxide products on the aluminum surface at the same temperature holding time. As can
be seen from Figure 4a–e, the aluminum sheet surface became noticeably rough from 300
to 700 ◦C, resulting in a needle-like product of about 10 nm in diameter and 60–80 nm in
length. In Figure 4f, as the temperature rises to 800 ◦C, the needle-like product becomes
significantly thick, with 20–30 nm in diameter, but it does not change much in length.
As the temperature rises further, the single needle-like product grows less noticeably in
volume, but there is a tendency that these needle-like products will come into contact with
each other and bind into the granular products. When the temperature reaches 900 ◦C, the
needle-like product gradually changes to the flaky one in Figure 4g. When the temperature
reaches 1000 ◦C, as shown in Figure 4h, the flake-like products are further combined to
form a granular structure.
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In the gas–solid reaction, the migration of substances is relatively difficult, especially
in the case of a relatively short time. With the increase in the reaction temperature, the
number of crystal nucleation increases, and the speed of crystal growth is relatively slow,
so this may be the main factor in the appearance of this shape. After the XRD test, no
Al2O3 phase is found on the aluminum surface, so XPS can be used to detect the presence
of Al2O3 oxide at a lower reaction temperature (400 ◦C), and the resulting oxide layer can
be very thin. As the temperature continues to increase, the results of the XPS test should
also be the same, so there is no need for further XPS testing.

3.3. The Corrosive Layer Structure of an Aluminum Sheet Corroded by High Temperature
Water Vapor

In order to further understand the influence of high temperature water vapor on the
corrosion of aluminum sheets, the experiment of an aluminum sheet after high-temperature
water vapor reaction at 700 ◦C, a common engineering temperature, was selected for
analysis [25]. From the overall structure of the aluminum sheet, Figure 5 shows a sectional
diagram of the aluminum sheet corroded by high-temperature water vapor at 700 ◦C. From
the point of view of the junction between the oxide layer and the substrate, Figure 5a shows
that no obvious oxide layering occurs in the section of aluminum sheet, and Figure 5b
reveals that there is a very thin layer of needle-like oxide product on the aluminum sheet
surface; in the slight plastic deformation when the aluminum sheet is cut, the oxide product
is stretched and separated, but no oxide is stripped off or cracked from the Al sheet
substrate. The acicular oxide is tightly combined with the aluminum substrate, and there is
no obvious delamination phenomenon. From below the oxide surface layer, in Figure 5c, it
is seen that the needle-like oxide is closely combined with the aluminum sheet substrate,
and no obvious layering occurs. The material below the needle oxide is compact, and
there is no infiltration of the oxide into the interior. The compact oxidizing layer generated
between the needle-like oxide and the aluminum sheet substrate effectively prevents the
corrosion of the aluminum sheet by water vapor. The reason for the change of oxide
morphology is the fusion and growing of oxide grains [26].
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4. Conclusions

1. The oxide phase cannot be detected by XRD for an aluminum sheet after 5 min of
reaction with high temperature water vapor, indicating that the oxide crystals are
nearly amorphous with too low crystallization, resulting in a too small peak strength.
The chemical state of the oxide can be detected very well by XPS, and the oxidation
product can be determined as Al2O3.

2. The needle-like nano-oxidation product is produced at 300 ◦C on the Al sheet surface
after the reaction of the aluminum sheet with high temperature water vapor. The
needle-like nano-oxidation gradually is gradually thickened with the temperature
rising. Combined with adjacent needle-like oxides after contact, it gradually forms
flaky and granular oxide products, so that the aluminum surface presents a porous
state as a whole.

3. The section analysis reveals that no significant inward oxidizing corrosion layer occurs
in the aluminum substrate below the needle-like oxide on the aluminum sheet surface,
indicating that the compact oxide layer forms between the needle-like oxide and the
aluminum sheet substrate, and it can effectively prevent the infiltration and corrosion
of water molecules.
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