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Abstract: This study adopts the sol-gel method to prepare a TiO, coating on the surface of the AZ91
magnesium alloy, hydrolyse C14H35O4Ti to generate the TiO; coating and form a film with excellent
corrosion resistance on the surface of an AZ91 magnesium alloy. The composition, surface structure
and microstructure of the TiO, coatings are characterised via X-ray diffraction (XRD) and scanning
electron microscopy. The corrosion performance of the surface coatings was investigated through
hydrogen evolution experiments and electrochemical tests. The results demonstrate that TiO, sols
prepared from a mixture of hydrochloric acid, deionised water, C14H3504Ti and anhydrous ethanol
can form stable layers on the surface of an AZ91 magnesium alloy after heat treatment. The results of
hydrogen evolution experiments and electrochemical tests reveal that the TiO; coating can effectively
improve the corrosion resistance of the AZ91 magnesium alloy.

Keywords: AZ91 magnesium alloy; coating design; TiO; film; corrosion resistance

1. Introduction

Magnesium alloys have been hailed as the green engineering material of the 21st
century for their low density, high strength, good damping and shock absorption, and
greater ability to withstand impact loads than other alloys [1]. The majority of magnesium
alloys generally have densities between 1.75 and 1.90 g/cm?, which is roughly 80% less
dense than steel, 60% less dense than titanium, and 40% less dense than aluminium alloys.
In addition to low density, magnesium alloy has many other excellent properties, such
as good plasticity, high specific strength and specific modulus, good low-temperature
toughness, insensitivity to notching, anisotropy is not obvious, etc. The magnesium
alloys are the lightest of the practical metals and have the advantages of high specific
strength and stiffness, damping and vibration and noise reduction as well as excellent
electromagnetic shielding and easy machining and recycling. In recent years, magnesium
alloys have been widely used in the aerospace, transportation, electronics, chemical and
metallurgical industries.

Magnesium alloys are very easily corroded in wet environments, which has limited the
development and wider application of magnesium alloys. Hence, improving the corrosion
resistance of magnesium alloys is a hot topic [2-6].

Two main methods of improving the corrosion resistance of magnesium alloys exist.
One is improving the intrinsic corrosion resistance of magnesium alloys, that is, by opti-
mising the alloy composition and improving the microstructure of magnesium alloys to
improve the corrosion resistance of the material [7]. The second is protecting the matrix
using a surface protection layer to isolate the corrosive medium from the matrix [8]. One of
the relatively effective and easy ways to improve the corrosion resistance of magnesium
alloys is to make the surface of alloys treated. The aim of this study is to prepare a TiO,
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film on the surface of magnesium alloys, thereby improving the corrosion resistance of the
surface of magnesium alloys. The so-called preparation of titanium dioxide film is titanium
dioxide or titanium dioxide precursors coated on the substrate, so as to form a layer of
titanium dioxide film on the surface of the substrate; therefore, this can be regarded as a
coating process. The preparation of the TiO, film can encompass a variety of methods,
the simplest of which is to obtain the TiO, nanoparticle coating (smear) (drop-coating,
spin-coating, throwing film, spraying, pulling film, etc.) on the substrate after drying and
baking. The key to this method is the preparation of TiO, nanoparticle colloids. The sol-gel
method is the most commonly used means of preparing nanoparticles. The technique has
the advantages of high purity, high homogeneity, low synthesis temperature and the easy
control of reaction conditions, especially since the preparation process is relatively simple
and does not require special expensive instruments, showing broad application prospects
in the preparation of thin films, ultra-fine powders, composite functional materials, fibres
and high melting point glasses and is the most commonly used method for preparing
nanoparticles such as TiO,, ZnO, WOs3, SnO,, Fe; O3, A, O3, etc. [9-11]. The sol-gel method
has many advantages and is currently the ideal technique for the preparation of thin
film coatings on magnesium alloys. In this paper, to improve the corrosion resistance
of the AZ91 magnesium alloys, different thicknesses of TiO; coatings were prepared on
the surface of such an alloy, using the sol-gel method [12], and the corrosion resistance
was investigated through hydrogen evolution experiments and electrochemical tests and
the composition and microstructure of the surface coatings were observed using an XRD
diffractometer and a scanning electron microscope (SEM) [13].

2. Experiments and Methods

The chemical reagents needed for the experiment included acetone solution, C14H3504Ti
solution, deionised water, hydrochloric acid and anhydrous ethanol. Acetone solution
clears the sample surface and removes oil stains, C14H3¢04Ti solution supplies Ti for prepar-
ing TiO, nanopowder and hydrochloric acid and deionised water serve as stabilisers to slow
the hydrolysis reaction rate of C14H3¢O4Ti. In this paper, some of the main instruments and
equipment used were a cutting machine (for cutting samples, Jincheng CNC Technology
Taizhou Co., Ltd., Taizhou, China), metallographic sample polishing machine(Shanghai
Reedon Instrumentation & Testing Technology Co., Shanghai, China), cased resistance-
heated furnace (for heat treatment, Shanghai Pudong Rongfeng Scientific Instrument Co.,
Shanghai, China), X-ray diffractometer (XRD, Shimadzu Corporation., Kyoto, Japan) and
scanning electron microscope (SEM, Hitachi High-Technologies Corporation, Shenzhen,
China). The instrument used for the hydrogen evolution test included a dropper, butterfly
clip, measuring cup and 3.5%NaCl solution. Electrochemistry was performed via a CHI660e
electrochemical workstation (Shanghai Chenhua Instrument Co., Shanghai, China). The
electrochemical measurement parameters are as follows: open-circuit potential test time
was 300 s, sampling interval was 0.1 s; the frequency range of the EIS test was 1-10° Hz;
the amplitude was 0.01 V; the starting potential in the Tafel test was —1.8~(—0.8)V; and the
scan rate was 0.01 V/s.

C16H3604Ti solution (5 mL) and anhydrous ethanol (20 mL) were mixed and stirred
evenly and placed in a magnetic stirrer for continuous stirring. Under stirring, a mixed
solution of 5 mL deionised water and 1 mL of hydrochloric acid were slowly and evenly
dropped into the mixed solution of C;4H3¢04Ti and anhydrous ethanol, and high-speed
stirring was maintained for 2 h without generating flocculent precipitation. Finally, a
light-yellow transparent solution was obtained. The solution was allowed to stand for 24 h
to prepare the subsequent alloy surface coating [14]. The AZ91 magnesium alloy was cut
into small 15 mm x 15 mm squares 5 mm thick using a wire cutter. It was then sanded
with 400-7000 grit sandpaper and polished with a metallographic grinding and polishing
machine to achieve a smooth surface. The specimens were then soaked in acetone solution
for 1-2 min and were cleaned via ultrasonic shaking to remove the oil, blown dry, and
set aside.
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The specimen was immersed into the above prepared solution using the lifting method,
so that came into full contact with the solution, and its surface was fully covered with a
layer of TiO; film, then it was placed in thermostat at 300 °C for 2 h to be heat treated in
order to obtain the AZ91 magnesium alloy specimen coated with one layer of TiO; (here
after referred to as sample 1). Using the same method, after coating once with the sol, the
sample was placed into the thermostat at 100 °C for 0.5 h, then the next layer of sample was
coated, and this step was repeated 3 times. Finally, the sample was placed in a thermostat at
300 °C for 2 h to obtain AZ91 magnesium alloy specimens coated with 3 layers of TiO, (here
after referred to as sample 2).After coating once with the sol, the sample was placed in a
thermostat and was dried at 100 °C for 0.5 h, then the next layer was continued to be coated,
and this step was repeated 5 times. The sample was then placed in a thermostat at 300 °C
for 2 h to be heat treated. Thus a sample of an AZ91 magnesium alloy coated with 5 layers
of TiO, was obtained (here after referred to as sample 3) [15]. The process parameters
are shown in Table 1.Surface composition analysis and microstructure observation of the
produced AZ91 matrix, sample 1, sample 2 and sample 3 were performed using an XRD
diffractometer and SEM. The corrosion properties of the AZ91 matrix, sample 1, sample 2
and sample 3 were determined via hydrogen evolution experiments and electrochemical
tests using a 3.5% NaCl solution [16,17]. The measurement parameter of the hydrogen
evolution test was the amount of hydrogen released from the sample after 12 h of corrosion
in a 3.5% NaCl solution (the less the hydrogen evolution, the better the corrosion resistance
of the alloy).

Table 1. Process parameters of AZ91 matrix and sample layers.

Parameter of Heat Treatment

DseI; fgC::t?gn 1\(121?121‘1,(11)2%5 Drying Drying Time Drying Times Holding Holding Time
Temperature (°C) (h) (h) Temperature (°C) (h)
AZ91 matrix - - - - - -
Sample 1 1 - - - 300 2
Sample 2 3 100 0.5 2 300 2
Sample 3 5 100 0.5 4 300 2

3. Results and Discussion
3.1. Microstructure of TiO,-Coated AZ91 Magnesium Alloy

The three different types of TiO; are rutile, anatase, and platinoid, with anatase being
the most active and rutile being the most inactive. The anatase crystalline form of TiO; is
substable and transforms into rutile crystalline form at high temperatures [18]. The XRD
test results of the anatase TiO, coating before and after heat treatment at 300 °C are shown
in Figure 1.

Figure 1 shows XRD patterns of samples. The peaks of anatase TiO, were observed for
samples 1, 2 and 3. This information along with the 20 angle of the characteristic peak and
the spatial point group of TiO; in the related literature indicates that the coating provided
was anatase TiO;.The analysis suggested that during the preparation of the sol, C15H3¢O4Ti
provided the metal element, which underwent a hydrolysis and condensation reaction
with water, and a small amount of hydrochloric acid controlled the rate of the hydrolysis
reaction, which yielded TiO,. TiO, powder was obtained by heating the sols coated on
the sample surface for 30 min at 100 °C, and it was then deposited on the AZ91 surface
through a 2 h heat treatment process performed at 300 °C to provide a TiO; coating.

The results of the SEM analysis of alloy surface coatings are shown in Figure 2.
Figure 2a shows that the surface of the AZ91 matrix was mostly flat and smooth, with a
regular and ordered microstructure and many tiny voids. In Figure 2b, the TiO; coating
of sample 1 can be observed to have small cracks, with the AZ91 matrix being exposed
at the crack seam, and the coating layer is missing in some areas. Although the coverage
of the AZ91 matrix is good, the small thickness of the layer and the presence of cracks
render the coating insufficient for the protection of AZ91. In Figure 2c, it can be seen



Metals 2023, 13, 1400 40f11

that the thickness of the TiO, coating of sample 2 increased significantly on the basis of
sample 1 (one layer). The outermost layer had a large number of fractured areas but was
deposited on top of a more complete and well-bonded substrate coating. The TiO; coating
material had accumulated in some areas, and together with the increased coating thickness,
it improved the protection of the matrix. In Figure 2d, compared with sample 2, the coating
thickness of sample 3 is larger, and the coating is denser and finer, with the outermost layer
of the coating being significantly less fragmented. Furthermore, the accumulation of the
TiO; coating material in sample 3 was comparatively greater, and the coating took the form
of fine flakes; only a small part of the thickness did not increase, revealing the substrate

coating.
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Figure 1. XRD patterns of AZ91 magnesium alloys coated by TiO,.

Figure 2. Microstructure of the alloy surface coating with different number of coats (a) AZ91 matrix;
(b) sample 1; (c) sample 2; (d) sample 3.
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The specimen was immersed in the sol by using the lifting method. The surface of the
AZ91 magnesium alloy was covered with a sol-gel film whose thickness was greater than
the ideal thickness, and this resulted in the curing rates of the surface and bottom layers of
the sol-gel film being different. The surface layer cured faster, and the top layer was cracked
when the solvent of the bottom layer evaporated outward. The TiO, film became brittle
and cracked during the heating process, and the crack could be observed in the microscopic
morphology of the TiO, coating of sample 1. After the sol film on the surface of the AZ91
substrate was heated at 100 °C for 30 min to produce TiO, powder, the substrate was again
coated with a TiO; film by using the lifting method. For samples 3 and 5, multilayer coating
was provided on a pre-existing single layer of TiO, coating [19]. Unlike its adhesion to the
substrate surface, TiO; did not adhere firmly to the bottom coating, and thus, the theoretical
number of coatings on samples 3 and 5 fell short of providing the ideal protection level
required. Overall, the protection of the matrix alloy had improved.

3.2. Corrosion Resistance of TiO,-Coated AZ91 Magnesium Alloy Surface

Figure 3 shows that the amount of hydrogen evolution in the NaCl solution within
12 h was reduced by 54.3%, 71.8% and 74.2% for samples 1, 2 and 3 compared with
the AZ91 matrix, respectively. In particular, the amount of hydrogen evolution was the
smallest for sample 3. This shows that a TiO, coating can effectively reduce the amount of
hydrogen evolution for the AZ91 matrix immersed in NaCl solution and thereby enhance
the corrosion resistance of the AZ91 matrix surface.
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Figure 3. Total hydrogen evolution of samples immersed for 12 h.

As shown in Figure 4, the rate of hydrogen evolution for samples 1, 2 and 3 was lower
and their corrosion resistance was higher compared with the AZ91 matrix. The hydrogen
evolution rates for the samples tended to level off. The rates for samples 2 and 3 followed
similar trajectories to a certain extent, but ultimately, the rate of hydrogen evolution for
sample 3 was lower.

From the morphologies of the TiO; coating, AZ91 matrix and samples 1, 2 and 3 and
from the total amount and rate of hydrogen evolution at the end of the hydrogen evolution
experiment, it is apparent that the alloy was corroded by C1™ ions in the experiment. The
surface of the AZ91 matrix alloy without any protective coating was exposed to the solution
and in direct contact with C1™ ions, and thus, it underwent a strong corrosion reaction,
resulting in numerous corrosion pits and many corrosion products being formed on the
surface [20]. In comparison, the TiO; coating on the surface of sample 1 covered the surface
of the AZ91 matrix alloy more completely, and corrosion was confined to the cracks on
the coating, namely, to the exposed parts of the AZ91 matrix, and the corrosion reaction
was much less severe. In sample 2, since the number of coatings was larger compared
with sample 1, the outermost coating layer was more severely cracked, since its adhesion
to the base coating was not strong. However, the larger overall thickness of the coating
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on sample 2 compared with the coating thickness on sample 1, and the integrity of the
substrate coating led to the corrosion of sample 2 being less; in other words, the corrosion
resistance was higher. The thickness of the coating on sample 3 was greater than that on
sample 2, and the integrity of the outermost coating was also higher. Consequently, the
extent of cracking of the coating was smaller, and the coating was fine and uniform. Since
only a small part of sample 3’s surface was not covered by the TiO, coating, the sample
showed the best corrosion resistance and the least amount of hydrogen evolution among
the four samples [21,22].

7

—=— AZ91 matrix
—o— Sample 1
—&— Sample 2
—w— Sample 3

= tn =N
1 1 1

Hydrogen evolution rate(ml.-cm ')
(%) [7%)

Immersion(time/h)

Figure 4. Hydrogen evolution rates for 12 h of immersion.

As shown in Figure 5a, the curve for the AZ91 matrix contained two capacitive arcs
with small radii, and a small portion of the inductive arc was in the low-frequency region,
indicating that part of the matrix surface was corroded [23]. The curves of samples 1, 2 and
3 had only one capacitive arc segment, and its radius was greater than that in the case of
the AZ91 matrix. The corrosion mechanism of the AZ91 matrix was different from that of
samples 1, 2 and 3, and the TiO, coating caused the corrosion mechanism of the samples
to differ. The TiO, coating increased the resistance of the AZ91 substrate and effectively
enhanced its corrosion resistance. Sample 3 had the best corrosion resistance [24].

- 5
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Figure 5. Impedance curves and Bode plots of samples(a) Impedance curves;(b) Bode plots.

In Figure 5b, it is evident that the higher the impedance modulus in the low-frequency
region of the material, the higher the material’s corrosion resistance [25,26]. The impedance
moduli of the AZ91 substrate and samples 1, 2 and 3 were 41.75, 53.73, 158.30 and 162.90 (),
respectively.
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In electrochemical experiments performed to compare the corrosion resistance of mag-
nesium alloys, either the corrosion potential or the corrosion current density of the alloys is
compared. The smaller the corrosion current density of a material, the higher its corrosion
resistance. When the materials being compared have similar corrosion current densities,
the higher the corrosion potential of a material, the higher its corrosion resistance [27].

The corrosion potential and corrosion current density of the AZ91 matrix and samples
1,2 and 3 are presented in Table 2(This data is obtained from Figure 6). Compared with the
AZ91 matrix, the corrosion potentials of samples 1, 2 and 3 were higher by 100, 330 and
340 mV, respectively, and the corrosion current densities of these samples were lower by
55.4%, 89.8% and 91.7%, respectively [28]. Thus, samples 1, 2 and 3 had higher corrosion
resistance than the AZ91 matrix, with sample 3 having the best corrosion resistance and
sample 2 having the next best corrosion resistance.

Table 2. Corrosion potential and current density of specimens.

Parameters . / )
E i A-cm—
Test Samples corr o
AZ91 matrix —1.74 83 x 1073
Sample 1 -1.64 3.7 x 1073
Sample 2 —141 85 x 1074
Sample 3 ~1.40 6.9 x 107*
791 matrix
—14 s Sample 1
s Sample 2
] S ample 3
=
2
5
6
—1.60 *1155 *1150 *1‘45 *1‘40 *1‘35 *1‘.30 —1.25
Potential/V

Figure 6. Polarization curves of samples.

It should be noted that for the substrate AZ91 magnesium alloy, the corrosive medium
enters the inner chemical transformation film through the TiO, coating and the substrate
is susceptible to the risk of filiform corrosion. At this time, the corrosion resistance of the
system is affected by two factors, one is the porosity of the outer TiO, coating and the
size of the pores, where the smaller the pore size, the lower the porosity and the lower
the possibility of the medium entering the inner layer, and the corrosion behaviour of
the system shows the corrosion characteristics of the outer TiO; coating [29]. The second
is the degree of denseness and thickness of the inner magnesium alloy phosphate film.
The higher the density and the greater the thickness, the stronger the impediment to the
transfer of corrosion media and corrosion products in it and the lower the likelihood of the
corrosion of the AZ91 magnesium alloy [30].

The TiO; coating on the AZ91 matrix had stable chemical properties and good corro-
sion resistance, and it reduced the contact area between the 3.5% NaCl solution and the
AZ91 matrix, which retarded the rate of the corrosion reaction, increased the corrosion
potential and reduced the corrosion current density of the AZ91 matrix [31]. Sample 3 had
the highest corrosion potential and the lowest corrosion current density.

Semiconductor materials generate conduction band electrons and valence band holes
by absorbing external radiation and light energy excitation. Those electrons and holes un-
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dergo a series of chemical reactions with substances adsorbed on the surface of the catalyst
to produce active groups. The photocatalytic mechanism of TiO; can be expressed by Equa-
tions (1)—(6). Theoretically, as long as the light energy absorbed by the semiconductor (hv) is
not less than its forbidden band width, the electron (e~) on the valence band can be excited
to leap to the conduction band, producing the corresponding hole (h™") on the valence band,
and then it and e~ interact with H,O, O,, etc., adsorbed on the surface of TiO; to produce
‘OH, O, and other highly reactive groups. There is also the possibility of compounding
electrons. The ability of TiO, to undergo redox reactions under light conditions is due
to its electronic structure characterised by a full valence band and an empty conduction
band [32]. When the photon energy reaches or exceeds its band gap energy, the electron
can be excited from the valence band to the conduction band, while the corresponding hole
is generated in the valence band, that is, the generation of electron, hole pairs. When a
suitable trapping agent is present, the recombination of electrons and holes is inhibited and
a redox reaction takes place on the surface. Valence band holes are good oxidising agents
and conduction band electrons are good reducing agents. Electrons generally react with
surface-adsorbed oxygen molecules, while holes react with surface-adsorbed H,O or OH™
ions to form hydroxyl groups with strong oxidising properties [33].

TiO, is excited by light to produce h* and e¢~, a phenomenon that also occurs in
ordinary TiO,, but due to the small particle size of nano-TiO,, the migration time of h™
and e~ from the interior of the crystal to the surface is greatly reduced, thus reducing the
chance of h* and e~ compounding, and thus providing unparalleled photocatalytic activity
of ordinary TiO,. Sometimes, in order to further increase the photocatalytic activity and
reduce the chance of compounding photogenerated holes and electrons, additional strong
oxidizing or reducing agents are added to the system, which can effectively trap electrons
or holes, thus achieving the effective separation of holes and electrons [34].

Light generated by the active group can cause the disintegration of the organic pollu-
tants adsorbed on the surface, and thus, in the presence of light, TiO, films have a surface
cleaning effect. Upon coming in contact with organic pollutants in the liquid phase, the
films can break down the pollutants. Thus, TiO, can be used for water purification. Con-
necting TiO; to an external circuit results in a photocurrent passing through it; this is the
basis of a solar cell. The anti-corrosion effect of TiO, coatings on metals partly results from
the semiconductor characteristics of the coatings; the basic principle is shown in Figure 7.
In addition, if TiO; is in contact with a metal, electrons are injected from the semiconductor
to the metal via the conduction band; as a result, the potential of the metal can be shifted
in the negative direction to the flatland potential of TiO; [35]. The metal is therefore more
resistant to corrosion. A water decomposition reaction occurs on the TiO; coating [36].
Notably, TiO, can be used as a permanent protective coating [37]. Thus, a TiO; coating can
effectively prevent the corrosion of the AZ91 magnesium alloy.

TiO, ™8 e~ + 1t )
ht +HO — H" +-OH )
_ _ Ht
e +02—>Oz — HO»- 3)
HO,- — O, + HyOy 4)
HyO0; + 0, — -OH+OH™ + O, (5)

e~ +h" — ho or heat (6)
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Figure 7. Schematic diagram of the principle of corrosion protection by TiO, coating.

4. Conclusions

In this paper, a TiO; coating was prepared via the sol-gel method and applied to an
AZ91 magnesium alloy matrix. The corrosion resistance was studied and analysed through
hydrogen evolution and electrochemical experiments, and the following conclusions were
drawn regarding the corrosion resistance based on XRD analysis and SEM:

(1) The XRD results demonstrate that TiO, prepared via the sol-gel method is attached
to the surface of AZ91 magnesium alloys after being held at 300 °C for 2 h. SEM
analysis reveals that the number of cracks increases after one coating is applied. After
three coatings, larger cracks appear or even peel off due to poor adhesion. After five
coatings, many stacks appear, and the cracks markedly decrease. Notably, a relatively
uniform and stable TiO, coating can be formed.

(2) The hydrogen evolution rates for sample 2 and sample 3 were the slowest and some-
what similar for the 3.5% NaCl solution. However, the final coating of sample 3 was
less than that of sample 2, and the total hydrogen evolution of the five layers was
the least.

(3) The corrosion potential of the AZ91 magnesium alloy coated with one, three and five
layers of TiO, increased by 100 mV, 330 mV and 340 mV, respectively, compared to
the base, and the corrosion current density decreased by 55.4%, 89.8% and 91.7%,
respectively. The AZ91 substrate has an impedance modulus of 41.75 (3, whereas those
coated with one, three and five layers have impedance moduli of 53.73 (), 158.30 Q)
and 162.90 (), respectively. The impedance modulus, corrosion potential and corrosion
current density reveal that the samples coated with five layers have the best corrosion
resistance.

(4) A comprehensive analysis of the hydrogen evolution corrosion rate, total hydrogen
evolution, impedance modulus, corrosion potential and corrosion current density of
the AZ91 magnesium alloy coated with one, three and five layers of TiO; coating
reveals that five TiO; coatings can significantly improve the corrosion resistance of the
AZ91 magnesium alloy surface.
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