A simple approach to fabricate protective coatings on
the surface of AZ91 alloy and its corrosion resistance
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Abstract. In this paper, the corrosion resistant coatings were fabricated on AZ91 Mg alloy by
steam treatment using deionized water as a steam source. The treatment temperature was
maintained at 150 °C, while the treatment time was varied at 3, 6 and 9 h. The results showed that
relatively dense steam coating can be formed on the surface of AZ91 alloy by steam treatment for
3-9 h, and the phase structure of steam coating was mainly composed of Mg(OH). and contained
AIO(OH) and Mg-Al LDH. With the extension of the steam treatment time, the better the
corrosion resistance of the steam coating, and the corrosion current density was as low as
107~10® A-cm?, which was 3-4 orders of magnitude lower than AZ91 Mg alloy substrate
(~10* A-cm™).
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1. Introduction

Magnesium alloy is the lightest metal structure material, which is the ideal material to realize
lightweight equipment [1-2]. However, the poor corrosion resistance of magnesium alloy is the
main obstacle for its wide application in industrial products [3-4]. Therefore, improving the
corrosion resistance of magnesium alloy is of great significance to expand the application of
magnesium alloy. A large number of studies have proved that surface treatment techniques such
as micro-arc oxidation (MAO), Ni-P electroless plating and hydrothermal treatment can improve
the corrosion resistance of magnesium alloys [5-7]. However, a major drawback of the above
surface treatment methods is the unavoidable use of multiple chemical reagents in the treatment
process. Micro arc oxidation treatment also needs special equipment, and the energy consumption
is high in the process of treatment. Therefore, the above surface treatment methods not only lead
to high preparation cost of protective coating, but also bring environmental pollution risk due to
the involvement of heavy metal ions.

Steam treatment is a truly low-cost and environmentally friendly treatment method because no
chemicals are used and only water is used as the steam source. Therefore, in this paper,
commercial AZ91 Mg alloy widely used in industry is taken as the research object, and treated by
steam treatment at 150 °C for different time using pure water as the steam source. The main
research objective of this work is to study the effect of steam treatment time on the structure,
morphology and corrosion resistance of the obtained steam coating.

2. Materials and experimental procedure

AZ91 Mg alloy (composition: 9 wt.% Al, 1 wt.% Zn, 0.3 wt.% Mn, and balance Mg) with a
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size of @20 mmx5 mm was used as experimental material. The polished and cleaned AZ91 alloy
was placed on a Teflon tube in a Teflon-lined autoclave with a 25 mL capacity, and 5 mL of pure
water was added to the bottom of the autoclave to produce steam. The autoclaves were put into a
drying oven after tightening and were heated at 150 °C for 3, 6 and 9 h. It was then cooled naturally
to room temperature. After the steam treatment, the films coated on AZ91 substrates were taken
out, and the obtained samples were labeled as 150 °C-3 h, 150 °C-6 h and 150 °C-9 h, respectively.

The phase structure of the steam coatings as well as AZ91 substrate were identified using
X-ray diffraction (XRD, PANalytical, Aeris, Holland). The morphologies and chemical
composition of steam coatings treated at different time were observed using a field emission
scanning electronic microscope (SEM, Merlin Compact, Germany) and energy dispersive X-ray
spectrometer (EDS, Oxford Instruments, Britain). The cross section morphology of the coating
was observed by TESCAN VEGA3 XMU scanning electron microscope. Finally, the
electrochemical characteristics of steam coatings treated at different time and untreated AZ91
alloy were estimated by measuring potentiodynamic polarization curves and electrochemical
impedance spectra (EIS) in 3.5wt% NaCl solution at room temperature with a typical three-
electrode system.

3. Results and discussions

XRD Results and Macromorphology of Steam Coatings Prepared on AZ91 Alloy. The XRD
patterns and macromorphology of bare AZ91 alloy and steam coatings prepared by treated at
150°C for different time are demonstrated in Fig. 1. Compared to the appearance of bare AZ91
alloy, the surface was uniformly covered with a matt film, which had been successfully prepared
the steam coating on the surface of AZ91 alloy. For the bare AZ91 Mg alloy, some peaks
attributable to a-Mg (ICDD-PDF No. 00-035-0821) were clearly observed at 26 = 32.28°, 34.48°,
36.73°, 47.93°, 57.40°, 63.22°, 64.29°, 68.82° and 70.17°. In addition, small peaks attributable to
B-Mgl7Al12 (ICDD-PDF No. 01-073-1148) were also detected at 26 = 35.84°, 39.74°, 41.61°and
43.36°. These results indicate that the bare AZ91 Mg alloy is composed of two different phase
constituents, a-Mg and f-Mg17Al12. However, for the steam coatings prepared by treated at
150 °C for different time, some peaks observed at around 26 = 18.41°, 32.72°, 37.86°, 50.66°,
58.42°, 61.82° and 71.74° in all XRD patterns are assigned to the 001, 100, 101, 102, 110, 111
and 201 reflect of brucite-type Mg(OH), (ICDD-PDF No. 01-044-1482). The peaks at around
260 = 14.39° and 27.99° observed in the XRD patterns were attributable to the 020 and 021
reflections of bohmite-type AIO(OH) (ICDD-PDF No. 01-074-1895). Except for the previously
mentioned peaks, two peaks at approximately 26 = 11.65° and 23.00° associated with the 003 and
006 reflections of the carbonate type Mg-Al LDH (ICDD-PDF No. 01-070-2151) were clearly
observed. These results suggested that the steam coatings coated on AZ91 alloy were composed
of a mixed structure of Mg(OH),, AIO(OH) and Mg-Al LDH phases. The relevant reaction
equations are shown in the Eq. (1-4):

Mg — 2e- - Mg?+, (1)
Mg2+4+20H-=Mg(OH)2, (2)
AB++40H-=AI(OH)4, (3)
2Mg?++Al(OH)4+~+30H-+2H20-Mg2A1(OH)7-2H:0. (4)

Surface and Cross-Sectional SEM Morphology of Steam Coatings Prepared on AZ91 Alloy.
Fig. 2 displays the surface SEM morphology and corresponding EDS spectrum of AZ91 alloy
after steam treatment for different time. As can be seen from Fig. 2(a-c), the surface of the all
coatings were uniform and dense without any pore or crack. There was obvious change in the
morphology with changing treatment time. The size of the nanosheets obtained by the longer
treatment was significantly larger than that of the shorter treatment. These results confirmed that
the Mg(OH),, AIO(OH) and Mg-Al LDH were formed and covered throughout the substrate
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surface by steam treatment. The EDS results revealed that the composition of steam coating was
composed of C, O, Mg and Al elements. Among them, Mg and Al elements come from AZ91
alloy matrix, while C and O elements come from air and water vapor in the sealed autoclave.
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Fig. 1. XRD patterns and macromorphology of AZ91 alloy before
and after steam treatment for different time
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Fig. 2. Surface SEM morphologies and EDS spectrum of AZ91 alloy after steam treatment
for different time a), d) AZ91-3 h; b), e) AZ91-6 h; c), f) AZ91-9 h

The cross-sectional SEM images of all films are shown in Fig. 3. It was seen that the coatings
between 3 and 9 h were dense although some cracks or pores could be observed with an increase
in treatment time. The $-Mg17Al12 phase between the coating and the substrate was also observed.
As the processing time increased from 3 h to 9 h, the average thickness of the coating increased
from 8 um to 71 pum. It was noteworthy that the coating thickness increased rapidly when the
treatment time exceeded 3 h. However, when the treat time was more than 6 h, the increase rate
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of coating thickness tended to be gentle. This phenomenon may be related to the increased
difficulty of steam permeating into the coating and eventually reaching the substrate surface.
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Fig. 3. Cross-sectional SEM morphology of AZ91 alloy after steam treatment for different time

Corrosion Resistance of Steam Coatings Prepared on AZ91 Alloy. The Bode plots, nyquist
plots and polarization curves of AZ91 alloy and steam coatings prepared by treated at 150 °C for
different time in 3.5 wt% NaCl aqueous solutions are depicted in Fig. 4. It is well known that the
Bode plot with a large impedance modulus at low frequency, such as f = 0.01 Hz
(1Z] f = 0.01 Hz), indicates an excellent corrosion resistance [7]. It is evident from in Bode plot
shown in Fig. 4(a) that the |Z| f = 0.01 Hz for bare AZ91 Mg alloy is only 3.37x102 Q-cm?,
whereas the |Z| f = 0.01 Hz for all steam coatings are greater than that of bare AZ91 Mg alloy,
which is increased by 3-4 orders of magnitude in comparison with bare AZ91 Mg alloy.
150 °C+9 h coating shows the highest |Z| f = 0.01 Hz value (2.29x106 Q-cm?), followed by
150 °C+6 h coating (1.96x106 Q-cm?) and 150 °C+3 h coating (8.70x105 Q-cm?). That is to say,
the longer the treatment time is, the higher the |Z| f = 0.01 Hz is, and the better the corrosion
resistance is. Of course, there is little difference between the two |Z| f = 0.01 Hz values of
150 °C+9 h coating and 150 °C+6 h coating.

The Nyquist plots of bare AZ91 alloy and three steam coatings are displayed in Fig. 4(b) and
Fig. 4(c), respectively. It is generally assumed that the larger the impedance loop in the Nyquist
plots at low frequency, the better anticorrosive the material would be [7, 8]. It can be observed
from Fig. 4(b) and Fig. 4(c) that the steam coatings have larger impedance at low frequency
compared with the bare AZ91 Mg alloy, which indicates the best corrosion resistance. What's
more, along with the increase of the steam treatment time, the impedance at low frequency
increase. The corresponding equivalent circuits (ECs) of bare AZ91 Mg alloy and steam coatings
are given in Fig. 4(b) and Fig. 4(c), and the fitting results are plotted by solid curves in Fig. 4(a-c).

Fig. 4(d) depicts the polarization curves and electrochemical fitting parameters (corrosion
potential Ecorr and corrosion current density Icorr) of bare AZ91 and three steam coatings, which
are employed to investigate the corrosion resistance of the steam coatings as well as the bare AZ91
in 3.5 % NaCl aqueous solution. In contrast to bare AZ91 alloy, the values of Ba (anodic Tafel
slope) of steam coatings were significantly increased and the breakdown potential seemed to be
appeared, suggesting that the steam coatings prevented the anodic reaction [7]. According to the
results, the I, values of bare AZ91 and three steam coatings can be ranged in decreasing order:
bare AZ91 > 150 °C+3 h > 150 °C+6 h >150 °C+9 h. The Icorr values of steam coatings decreased
by 3-4 orders of magnitude relative to the bare AZ91, and the Ecorr values slightly moved in the
positive direction. The lower the Icorr value and the greater the Ecorr value is, the better the
corrosion resistance of the coating gets [9]. The results showed that the corrosion resistance of
AZ91 alloy can be improved significantly by the steam coatings. It’s worth noting that the
corrosion resistance of 150 °C+9 h coating was slightly better than that of 150 °C+6 h coating.
The results are consistent with the previous EIS analysis.
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Fig. 4. Bode plots, nyquist plots and polarization curves of AZ91 alloy and steam coatings: a) Bode plots;
b) Nyquist plots of AZ91 alloy; ¢) Nyquist plots of steam coatings; d) Polarization curves

4. Conclusions

We have prepared the high corrosion resistant coatings on AZ91 Mg alloy using a simple steam
treatment. The steam coatings exhibited a mixed structure of Mg(OH),, AIO(OH) and Mg-Al LDH
phases as determined by XRD analysis. The SEM result displayed that the steam coating surface
was relatively dense. With the extension of the steam treatment time, the average thickness of the
steam coating increased significantly. The corrosion resistance of the coatings evaluated by EIS
and polarization curves in 3.5 wt% NaCl aqueous solutions demonstrated that the coating prepared
at 6 h or 9 h revealed the most superior protective behavior. The high corrosion resistant
performance was mainly attributed to denseness and thickness of the steam coating.
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