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Abstract: Aluminum alloys are frequently employed in the aeronautics industry due to the remarkable
mechanical properties and lightweight nature of these materials. Moreover, thin film coatings are
commonly applied in order to improve the corrosion resistance under harsh environments. In this work,
Al 7075-T6 substrates were coated with nanostructured SiO>-TiO> films using a sol-gel method. The
experimental approach initially consisted in the preparation of a precursor agent using tetraethyl
orthosilicate (TEOS) and triethoxy(octyl)silane (ETOS). Subsequently, nanoparticles of SiO>-TiO»
were mixed in order to develop thin films using a one-step dip coating method. The roughness,
nanoindentation and corrosion properties were evaluated for the coated substrates. A finite element
model was created for the nanoindentation test, which determined the mechanical response between
the film-contact interface during loading conditions. The average hardness, elastic modulus and critical
loads leading to fracture were verified. The nanoindentation test presented a significant increase in
hardness for the coated Al 7075-T6 alloy, reaching a value of 4.6 GPa. The SiO;-TiO; thin films
presented uniform and compact surface coatings with high mechanical properties. Furthermore, the
performed corrosion tests indicated moderate protection by the SiO2-TiOz thin films. The Si02-TiO2
thin films displayed a generalized corrosion throughout the surface, presenting oxides and fractured
crystals in localized regions.
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1. Introduction

Aluminum alloys, such as Al 7075-T6, have been frequently applied in the fuselage and panel
frames of aircraft due to a combination of high mechanical strength, moderate tenacity and good
corrosion resistance [1]. High strength Al alloys present outstanding properties as structural components,
but surface treatments must be applied in order to improve the corrosion resistance properties [2]. The
use of protective coating must be based on the heat treatment conditions. For instance, the Al 7075-T6
is an age hardened alloy, thus, a high temperature treatment of the coating could decrease its mechanical
properties. The development of TiO; coatings has been recently studied, which present chemical
stability as well as good wear and heat resistance [3]. Soklic et al. [4] used TiO; coatings for environmental
applications, resulting in coatings with good antifogging, self-cleaning, and antimicrobial surface due
to the photocatalytic properties and photo-induced superhyprophilicity of the material.

The effect of aging time on the structural and chemical properties of SiO>-TiO> composite was
investigated by Comakli et al. [5]; the SiO»-TiO> films were developed using the sol-gel technique. A
better corrosion resistance for the SiO>-TiO> films was determined and the aging time was found to
considerably affect the corrosion properties of the composite coatings. Gobara [6] used Si02-TiO»
nanoparticles to develop coatings with enhanced mechanical properties. The sol-gel technique was
applied to generate the Si0»-TiO> thin films on Al 3003 substrates and the influence of nanoparticles
on adhesive strength was investigated. The addition of TiO; allowed to increase the adhesion
performance and moreover, the hydrophobic characteristics were improved by the addition of SiO»
nanoparticles. Krishna et al. [7] developed a single and multilayer SiO»-TiO> film applied in mild steel
by a sol gel technique and observed a reduction of oxidation for the multilayer film due to the effective
coverage between coatings. In this study, we reported that the addition of SiO» to TiO, minimized the
coating defects. Khosravi et al. [8] developed a multilayer Si0,-TiO: coating on a low-cost commercial
steel, in which the effect of number of layers, annealing temperature, and atmosphere were evaluated.
The results indicated that increasing the annealing temperature reduced surface fracture. Jacobs
et al. [9] generated Si02/TiO> thin films by spray coating and reported good adhesion when SiO> was
added to the TiO; coating. Widati et al. [10] dip-coated glass substrates with SiO»/TiO> films. It was
observed that SiO> and TiO, composites increase the surface roughness of the coating, but there is a
decrease of transparency of the substrate. Recently, hybrid coatings on carbonyl iron particles have
been developed by sol-gel method to promote better magnetic and thermal stability. The hybrid layer
improves the corrosion resistance inhibiting the diffusion of corrosive medium [11-13].

On the other hand, mechanical testing using nanoindentation equipment allows us to evaluate
mechanical parameters of bulk and films at submicron size [14,15]. Alaboodi and Hussain [16]
described a detailed review of nanoindentation experiments and a finite element procedure to evaluate
thin films. Commonly, nanoindentation measurements are developed using Berkovich indenters by the
Oliver and Pharr methodology. This method considers the material as homogeneous, continuous and
isotropic [17]. The finite element method (FEM) has been used to determine the mechanical response
of thin film coatings by simulating the process of nanoindentation [18,19]. Through FEM, the induced
deformation and stress distribution can be determined in a direct manner [20,21]. For example, Chen
et al. [22] studied the mechanical response of thin film coatings by finite element method. The induced
stress distribution of thin films was recorded using different indenters, such as Berkovich, spherical
and flat indenters. Lichinchi et al. [23] developed thin films of TiN on steel substrates. A finite element
procedure was performed using a Berkovich indenter. It was observed that no apparent differences
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exist between the experimental load-displacement curves and those obtained from a 2D axisymmetric
numerical model. Wang et al. [24] conducted nanoindentation experiments to evaluate the impact of
residual stress on laminar plasma quenched materials.

Different approaches have been suggested to evaluate elastic properties from indentation
load-displacement data. For example, Kang et al. [25,26] developed a linear optimization approach to
improve the accuracy of mechanical properties. A good agreement was observed for the elastic
properties of a single loading-unloading curve. In addition, Noii and Aghayan [27] determined the
elastic-plastic material properties of hydroxyapatite coatings on different substrates. A global optimization
approach was performed using the load-displacement data. In this work, an experimental and
numerical study was developed to determine the mechanical and corrosion properties of sol-gel
nanostructured Si0-TiO; thin films. The performed corrosion tests in the coated Al 7075-T6
substrates indicate moderate protection by the SiO>-TiO; thin films. A finite element model was
proposed to determine the average hardness, elastic modulus and critical loads that lead to fracture.
The 2D axisymmetric model corroborates the experimental nanomechanical properties of Si0>-TiO>
thin film coatings.

2. Materials and methods
2.1. Experimentation

The Al 7075-T6 alloy part was sectioned and polished to obtain square plates of 25 mm of length
with a thickness of 7 mm. A superficial analysis by EDX was performed to obtain the main alloying
elements of Al 7075-T6 alloy (Al 85.45%, Mg 3.1%, Zn 6.15%, and Cu 5.25%). The Al substrate was
characterized by optical microscopy through a ZEISS observer Z1 light microscope and an electron
microscopy scanner JEOL JSM-6510LV for the morphological characterization of the coatings.

A sol-gel procedure was used for the preparation of the coatings. One of the fundamental parts of
this process is the solution in which the specimens were immersed. This mixture was made into two
phases: the first phase consists of preparing the precursor agent, which agent combines tetraethyl
orthosilicate (TEOS) and triethoxy(octyl)silane (ETOS), in quantities of 22 and 25 mL, respectively.
The mixture was agitated in an ultrasonic bath after a lapse of 20 min. For the second phase, a mixture
was generated with the following reactive elements: nanoparticles of titanium dioxide and silicon
dioxide (Si02-Ti0»), deionized water and nitric acid (HNO3), in quantities 0f 0.048 g, S mL, and 0.3 mL,
respectively; 3 wt.% of SiO2 nanoparticles. The precursor was dissolved into a mixture of Si02-Ti0»,
H>0O and HNOs and was agitated in an ultrasonic bath for a lapse of 30 min. At the end of the process
a homogeneous mixture was obtained and placed inside a dip-coating equipment, which was
programmed with the necessary length for the Al samples to be totally coated by the immersion process.
The speed at which the samples were introduced into the mixture was 10 mm/s and the withdraw
velocity was 1 mm/s, as shown in Figure 1.
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Figure 1. Coated samples by the immersion-removal process at inlet velocity of 10 mm/s.

After dip-coating, a heat treatment was carried out on the samples consisting in two stages. The
first stage was a pre-heating, in which the samples were placed inside a Felisa oven at a temperature
of 180 °C for 10 min. Subsequently, the second stage consisted in placing the samples in a Thermo
Scientific oven for 2 h under a temperature at 300 °C. Samples were analyzed by a scanning electronic
microscope to observe the homogeneity of the coating. Keller reagent was used to reveal the
microstructure of the substrates. The samples were prepared using 95 mL of distilled water, 1 mL of
hydrofluoric acid (HF), 1.5 mL of hydrochloric acid (HCI), and 2.5 mL of nitric acid (HNO3).

Surface roughness measurements were performed using a CounturGT Bruker profilometer in
order to evaluate the morphology and homogeneity of the coating within substrate in different sections.
The surface profiling with white light interferometry provides highly accurate topographic information
about the surface of a sample. Multiple interference patterns are generated reconstructing a
detailed 3D map of the height variations, surface roughness and shape details. A step from an uncoated
to a coated area is considered in order to determine the step height and therewith the coating thickness.

On the other hand, to analyze the mechanical behavior of the nanostructured coating, nanoindentation
tests were performed using CSM Instruments Nanoindentator with a Berkovich indenter. The operational
parameters are shown in Table 1. Twenty indentations were performed with a partition of 20 pum.

Table 1. Operational parameters of the nanoindentation test.

Parameters Coated substrate Uncoated substrate
Load (mN) 40 50

Velocity (mN/min) 80 100

Deposition time (s) 2 2

The nanoindentation parameters for the coating samples were modified due to the mechanical and
chemical properties of the ceramic films. It was observed that loads higher than 50 mN presented
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damage and fractures in the coating. The selected parameters were defined based on a series of tests
along the surface.

Two corrosion tests were performed in the thin coatings: polarization resistance (RP) and
electrochemical impedance spectroscopy (EIS). In order to carry out the RP and EIS tests, a frequency
range of 0.01 Hz to 50 kHz with a sweep speed of 0.1 mV/s was defined. A measuring range
of 10 decades was considered in the study. The procedure was developed using a Solartron SI 1287
electrochemical interface and a Solartron SI 1260 impedance gain-phase analyzer. An electrochemical
cell was used to evaluate the interaction between the Al samples and the corrosive agent, considering
a solution of 3.5% NaCl by weight percent. The tests were performed under a three-electrode system;
the working electrode (Al 7075-T6), the reference electrode (Calomel) and the counter
electrode (platinum). The contact area was 1 cm? and five replications were performed on each sample
to ensure reproducibility. It should be noted that the coated samples were previously immersed for a
period of 20 h within the solution of 3.5% NaCl in order to obtain consistent results of the interaction
with the Si0»-TiO> coating. Measurements of the samples without coating were performed after 5 min,
once it has been mounted in the electrolytic cell in order to have a brief period of stabilization between
the corrosive agent and the sample.

2.2. Finite element method

A finite element method was performed to evaluate the mechanical response of Si0»-TiO- layers
placed in Al 7075-T6 substrate. The simulations were run in Simufact Forming finite element platform,
considering a thickness of 1.12 um for the SiO»-TiO thin films. For the indentation process, a
Berkovich indenter was selected with an equivalent conical point of 70.3°. Figure 2 shows the
discretization characteristics and used geometries to simulate nanoindentation test. In Figure 2a the
indenter, Al 7075-T6 substrate and a SiO»-TiO> thin film are observed. In Figure 2b the mesh
convergence study is illustrated; the number of elements in the model reach a convergent state after a
strain of 1.01. A minimum element size of 0.02 nm was generated to have a sufficiently fine mesh in
the contact zone.
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Figure 2. Discretization of numerical model, (a) nanoindentation test, and (b) convergence study.
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The numerical model consists of a very refined mesh near the indenter tip due to the large
displacement contact associated with nanoindentation procedure. The SiO»-TiO> film consists
of 48000 elements, while the substrate includes 15040 elements. The indenter was considered as a
rigid body and it is forced into the Al 7075-T6 substrate. Node-to-segment contact was applied for the
interaction between indenter and coating. The contact between bodies is perfectly bonded and the
friction is considered negligible. A remeshing criteria was activated due to the large deformation
condition; this option helps to avoid excessive element distortion. Two steps were created in the
numerical model: initially, the indenter has a displacement boundary condition assigned downwards,
while in the second step, the indenter is moved upwards and elastic recovery is allowed. At the end of
the process, a load-displacement curve is obtained. Table 2 shows the applied material properties in
nanoindentation simulation of Al 7075-T6 alloy with Si0,-TiO» thin films.

Table 2. Material properties for nanoindentation test of thin films on Al 7075-T6 substrate [22].

Material Elastic modulus (GPa) Poisson ratio
Substrate (Al 7075-T6 alloy) 71.7 0.33
Si0,-TiO; coating 330 [This work] 0.35
Diamond indenter 1141 0.07

The elastic-perfect plastic behavior of Si0,-TiO> coating is included using a bilinear isotropic
hardening rule with a tangent modulus of zero. The substrate is considered as an elastic-plastic material
in the numerical model [28]. The penetration of the indenter was based on the susceptibility of fracture
of the film coating.

3. Results and discussion

The as-received microstructure of the Al 7075-T6 alloy substrate is observed in Figure 3. In
Figure 3a it is observed an elongated recrystallized microstructure with second phases (dark points),
which influences the mechanical properties of Al 7075-T6 alloy. The T6 heat treatment condition
exhibits very fine precipitates within the grains and coarse precipitates closely spaced along grain
boundaries [28]. The microstructure observed in Figure 3b is composed mainly of a mixture of
Guinier-Preston zones, areas associated with aging hardening phenomenon, and transition precipitates
1N (MgZn,) according to reported literature [29,30].

Figure 4 presents the EDX spectra of coated and uncoated Al 7075-T6 samples under corrosion
conditions. It is observed that the presence of chlorine peak generates due to a corrosive medium.
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Figure 3. Al 7075-T6 substrate chemically attacked by Keller’s reagent, (a) 5x and (b) 20x
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Figure 4. EDX spectrum of samples under corrosion. (a) Samples of bare Al 7075-T6
alloy, and (b) samples coated with SiO>-TiO> thin film.

The results of surface roughness measurements are based on the roughness value (Ra) between
the analyzed positions, see Figure 5. The step technique was selected to evaluate the thickness value
within the substrate. The SiO»-TiO> thin film presented an average thickness of 1.12 pum and Ra
of 2.35 um, while uncoated substrates showed a Ra of 5.36 um.
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Figure 5. Surface roughness of Si0,-TiO> films on Al 7075-T6 substrates. (a) Average
roughness measurements and (b) step used to evaluate the thickness of the substrate.

The determined roughness values agree with previous literature [31]. On the other hand, the
mechanical interaction between the SiO;-TiO; film and Al 7075-T6 substrate is determined by
nanoindentation testing and the finite element method. Figure 6 shows the experimental and simulated
values of the load-displacement curve of coated substrates after 20 indentations. A normal force is
applied, and the resultant penetration is recorded based on the initial contact surface. In general, there
is a good agreement between experimental and numerical results. However, the indentation curve starts
to deviate and becomes lower than experimental curve.

The finite element results reproduce the multiple-step characteristic of the loading section. This
behavior is related to elastic—plastic deformation and associated dislocation features. For coated
samples, the deviation of the simulated indentation load becomes slightly higher than the experimental
value as the indentation depth is beyond 500 nm. This could be associated with regions beneath the
indenter which transformed to less deformable structure in the film [22]. In addition, the finite element
simulation considers that the mechanical properties of Si0»2-TiO» film remain unchanged.

The nanoindentation results showed a significant increase in hardness for the coated Al 7075-T6
alloy, resulting in an average hardness value of 4.6 GPa, which is twice higher than the uncoated
samples. Additionally, an increase in the Young’s modulus for the coated specimens was determined
as well, which indicates that the coating provides better mechanical properties to the substrate. A
previous study by Chuang and Luo determined TiO> coatings with elastic modulus of 225 GPa for heat
treatment conditions at 600 °C [32]. Moreover, Bastakys et al. [33] found that Si0,-TiO> coatings
which were deposited by thermal spray presented greater resistance to mechanical wear.
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Figure 6. Normal force vs. penetration depth of nanoindentation testing on coated samples.

Figure 7 shows the mechanical behavior of SiO-TiO; coatings after indentation the test. In Figure 7a,
the finite element model shows the stress distribution at the end of the nanoindentation test. The
Si0,-TiO; deforms showing a maximum strain of 1.01, see Figure 7b. The maximum value of equivalent
stress is 7.4 GPa, which is higher than the experimental results. This can be attributed to the non-linearity
of elastic region of the coating near the indenter tip [22]. The stress in thin films occurred during drying
and densification process showing increment as heat treatment temperature increases [34]. Figure 7c
presents the shear stress distribution of the Si0,-TiO» thin coating with a maximum value of 4.2 GPa.
It can be observed that shear stress concentrates near to the contact region between indenter and coating,
as well as in the contact region between coating and substrate. Figure 7d presents the principal stress
in the axial Z direction with a maximum value of 1.3 GPa.

The micrographs of the coated and uncoated Al 7075-T6 substrate under standard and corroded
conditions are shown in Figure 8. It is observed that a generalized corrosive attack occurred in both
conditions, which is intensified in certain areas due to accumulations of the corrosive agent and some
superficial deterioration.
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Figure 7. Numerical results of Si02-TiO> thin films. (a) Equivalent stresses (MPa) at the
end of the indentation, (b) equivalent plastic strain after removing the indenter (springback),
(c) shear stress distribution (MPa), and (d) principal stress in Z direction (MPa).
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Figure 8. Micrographs of Si0»-TiO; thin films deposited by sol gel method, (a) standard
uncoated substrate (100x), (b) corroded uncoated substrate (100x), (¢) standard coated
Al 7075-T6 substrate, and (d) corroded coated Al 7075-T6 substrate (500x).
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Two types of precipitates are observed in Figure 8a; the darker precipitate (oval mark) with Mg
and Si inclusions generates the Mg>Si phase, while the lighter precipitate with Cu and Fe inclusions
generates the Al;CuxFe phase in the substrate under standard conditions. Likewise, Figure 8b shows
the substrate under corrosion conditions. A generalized attack throughout the surface is observed,
which presents regions of aluminum oxides (square mark) and fractured crystals of the salts only on
certain areas. Moreover, Figure 8c,d show the corrosion effects of coated Al 7075-T6 substrates. These
conditions presented a generalized corrosion together with certain areas where localized corrosive
attack occurred. This effect is reflected in the severe damage to the substrate with the presence of
sulfides and chlorides. Table 3 shows the polarization resistance of coated and uncoated Al 7075-T6
alloy. From the PR test, an average corrosion rate of 0.064 mm/year for the coated substrate was
determined, while the Al 7075-T6 substrate presented a corrosion rate of 0.0738 mm/year. This is
exposed in the average corrosion resistance; in the coated substrate it is 4595.56 Q-cm? while in the
Al 7075-T6 substrate it is 3792.46 Q-cm?.The coated substrate shows a higher resistance to corrosion
compared to the uncoated samples. This effect could be associated with the coating adhesion in the
substrate, although the coating was homogeneously distributed throughout the film, a higher concentration
in certain areas of the surface was observed. The corrosion mechanism of Al-7075 T6 coated with
S10,-Ti0; sol-gel coatings is principally controlled by pores or cracks in the thin films.

Table 3. Polarization resistance of coated and bare Al 7075-T6 substrate.

Parameters Uncoated substrate Coated substrate
Corrosion (mm/year) 0.0738 0.064
Polarization resistance (Q-cm?) 3792.46 4595.56
Voltage (V) —-0.892 —-0.802

It has been observed that the corrosion performance of the SiO>-TiO> coatings can be improved
with proper attention on the substrate surface (polishing) before applying the coating. The SiO»-TiO»
films obtained in this work were developed in a single layer, which may have intervened in the results
of resistance to linear polarization. It has been previously demonstrated that in bilayer systems, the
polarization resistance of the coating increases with respect to the uncoated substrate [35]. Rivero
et al. [36] demonstrated as well that a thicker coating presents a better corrosion resistance compared
with a single dip-coating process. Shadravan et al. [37] observed that a 3-layer coating in Al alloy
with 15 wt.% of carbon nanotubes has an outstanding resistance against corrosion in a NaCl (3.5%)
solution.

Figure 9 shows the Nyquist plot for coated (point symbol) and uncoated (square symbol) Al 7075-T6
samples. The resistance is determined using the diameter of the semicircles, where a large diameter is
associated with a low corrosion growth rate and high corrosion resistance. Additionally, the higher
values of Z modulus are presented at lower frequencies, which involves a greater corrosion resistance
of the samples.
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Figure 9. Electrochemical impedance spectroscopy test of coated and uncoated Al 7075-T6 substrates.

Two-time constants are observed for the uncoated sample; the first one refers to the natural
passivation layer of the material which presents a diameter of 2100 Q-cm?. The second constant refers
to the resistance to the charge transfer in the substrate; this is the interaction of the electrolyte with the
metal which presents a value of 2950.58 Q-cm?. For both coated and uncoated conditions, a capacitive
behavior occurs in the high-frequency zone. However, the coated samples maintain the same
behavior (capacitive) until closing the semicircle at 7500.79 Q-cm? without showing any semicircle
despite of different exposed conditions.

According to the EIS results, there is a moderate effectiveness of the Si0»-TiO» coating applied
to the substrate. The generated semicircle in the coated sample has a charge transfer greater than the
uncoated substrate (magnitude of the diameter of the semicircles), as well as a capacitive behavior in
the areas of high frequency. There is an inductive behavior between 900 and 1000 Q-cm? for the
uncoated samples. This results in a second semicircle, mostly pronounced, which may be associated
with the interaction of the passivation layer formed by the substrate and the corrosive agent. The
impedance results were collected based on a simulation of an equivalent electrical circuit using the
Zview software, as shown in Figure 10.

The circuit of Figure 10a presents the results of one-time constant. The equivalent electrical
circuit includes a resistor RS that represents the solution resistance, a capacitance C1 and a resistance
R1, which are in parallel and reflect the resistance of charge transfer at the metal-electrolyte interface.
In Figure 10b a circuit with two-time constants is observed, representing two semicircles formed in
the Nyquist diagram. The resistance Rs is connected to a resistance R1 and a capacitance CPE1, where
the resistance R1 is the resistance of ionic conduction paths. The second capacitor CPE2 and second
resistor R2 represent the charge transfer resistance at the metal-electrolyte interface and the capacitance.
Therefore, in order to compare the resistances of coated and uncoated substrates, the value R1 from
circuit 1 and R2 from circuit 2 are considered.
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Figure 10. Equivalent electrical circuit, (a) one-time constant, and (b) two-time constants.

The localized corrosion effect is observed in certain areas which presented severe damage under
the presence of sulfides and chlorides. It is possible that the heat treatment (300 °C) and the thickness
of the coating contributes to the ease of formation of cracks in the coating by which the corrosive agent
could be developed with a greater intensity. The results indicate that the oxide layer formed in the alloy
has a longer lifetime and is therefore more efficient than one-layer coatings. However, further
investigation needs to be developed in this regard. Heat treatment condition could be associated with
the development of very fine pores, penetrating the electrolyte and leading to localized corrosion.

4. Conclusions

Thin films of nanostructured SiO>-TiO; were developed by sol gel method on Al 7075-T6
substrates. The sol-gel method presented an easy and cost-effective method for preparation of thin
films. A homogenous coating was observed for different samples prepared. Si0,-TiO> coatings were
evaluated by nanoindentation showing a hardness value of 4.6 GPa and a Young modulus of 330 GPa.
The hardness value is twice higher than in the uncoated samples. The results of the EIS testing show
a moderate corrosion effectiveness of the Si0,-TiO, coating applied to the substrate. The generated
semicircle in the coated samples has a charge transfer greater than in the uncoated substrate, as well as
a capacitive behavior in the areas of high frequency for both conditions, followed by inductive behavior
in the vicinity of the real axis. The uncoated samples presented a second semicircle, which may be
associated with the interaction of the passivation layer formed by the substrate and the corrosive agent.
The finite element method was applied to evaluate the mechanical response of a single layer
Si0,-TiO; thin films placed in Al 7075-T6 substrate. The maximum value of equivalent stress by FEM
was 7.4 GPa, which can be affected by the non-linearity of elastic region of the coating near the
indenter tip. The Si0,-TiO» nanostructured coatings have efficient mechanical and chemical properties,
which strengthen the studied Al 7075-T6 substrates.
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