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Abstract

Titanium and its alloys have excellent physical and mechanical properties for a large
number of applications. Unfortunately, these applications are restricted due to their poor
wear and corrosion resistance. An approach to overcome this issue is to form a coating on the
surface metal to avoid direct contact with the environment and improve the surface properties
of these materials. A number of coating technologies are available in order to improve the
corrosion resistance and the tribological performance of the titanium alloys. Anodizing
process, especially the plasma electrolytic oxidation (PEO), is gaining popularity given that
by anodizing, a wide range of coatings is formed on the metal surface. It is an economically
and eco-friendly process and the coatings obtained have good adhesion to the substrate. This
doctoral thesis is aimed to obtain coatings on titanium alloys by PEO in alkaline solutions in
order to improve the wear performance and the corrosion resistance looking to increase the

number of applications of these materials.

Anodic coatings were obtained in alkaline solutions in two different substrates; Ti c.p
and Ti6Al4V alloy and characterized by scanning electron microscopy (SEM), X-ray
diffraction (XRD), Microwave energy dispersive X-ray (EDS) and profilometry in order to
study the composition, morphology, roughness and porosity distribution of the coatings. The
coatings were obtained both under galvanostatic and potentiostatic conditions. In order to
form the coatings on the titanium alloys, two alkaline base solutions were used. The first set
of solutions was based on sodium hypophosphite with different additives looking for the

incorporation of species useful for biomedical applications. The second set of solutions was



based on sodium aluminate with different additives with the aim to form hard ceramic
coatings that improve the mechanical and tribological properties of the titanium alloys. These
alkaline solutions were used due to the few information in the literature and seeking the
formation of other crystalline phases into the coatings in order to evaluate their corrosion and

wear performance.

The wear behavior of the coatings was assessed using a ball-on-disc tribometer, and the
corrosion behavior was evaluated by electrochemical impedance spectroscopy (EIS). The
results were correlated with the structure, morphology and composition of the coatings. The
coatings obtained under potentiostatic conditions showed a better corrosion resistance and
wear performance due to their low porosity. The coatings obtained with the addition of
sodium metasilicate showed a better corrosion resistance. Finally, the progress of the
formation of the coatings was investigated in two solutions with different electrical
parameters. A significant different was observed in the coating formation for the films
obtained in the sodium aluminate-based solution with the addition of sodium metasilicate
due to the abundant gas evolution during anodizing of the coating obtained on Ti c.p, which
reduced the efficiency the process. For the coatings obtained in the
sodium-hypophosphite-based solution with the addition of sodium metasilicate, the

anodizing process shows a similar behavior for both substrates.
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Introduction

Light alloys, such as aluminum, magnesium and titanium, are the choice for a wide range
of applications due to their unique properties [1], [2]. For example, in the transport and
aerospace industries, the low density and the high strength-to-weight ratio made these
materials suitable for these applications. Weight reduction in transport translates directly to
fuel saving and a decrease in CO. emissions, important facts for an ecologically and
economically sustainable development. The above remarks have made these materials the
main choice for the aerospace industry for more than four decades, especially titanium alloys.
In view of their unique combination of properties, there is an increasing demand for these
materials into non-aerospace sectors such as biomedical, performance sports, automotive,
power generation, general engineering and architecture [1], [3]-[8]. In addition, light alloys
are attractive for some specific applications; for example, outstanding biocompatibility
makes titanium alloys the material choice for body implants [9]-[12]. Nevertheless, in some
cases, the surface properties of these materials do not provide enough protection, generating

a serious barrier in many sectors and industries; i.e. magnesium alloys have a bad reputation
1



for their poor corrosion protection in most environments which is essential in many
applications [1], [13]-[17]. Currently, in the automotive and the biomedical sector, titanium
alloys have been used as a substitute of steel components due to their biocompatibility
properties and the possibility of the mass reduction of the components. Nonetheless, light
alloys are known by their poor tribological properties in sliding conditions since these
materials exhibit low load-bearing capacity and low abrasion resistance, which are related to
low hardness, high adhesion tendency, high ductility, and high reactivity features. Therefore,
light alloys are restricted to sectors in which tribological performance is not critical. On the
other hand, light alloys are susceptible to surface degradation in some environments,
especially in acidic media. In different fields such as biomedical applications, chemical
industry, gas and oil industries and some aerospace applications, improving the corrosion
protection of these materials is important in order to increase their life cycle under

demanding operating conditions [18]-[26].

One approach to overcome these issues is to form a coating on the metal base in order to
modify the surface characteristics of these materials improving their behavior against
corrosion and wear. Among the different surface modification techniques (CVD, PVD, ion
implantation, electroplating, plasma nitriding, thermal oxidation, electroless Ni-P), the
anodic oxidation has become increasingly important since it has some advantages over other
surface modification techniques [27]-[29]. The main advantages of the anodizing process are
as follows: no degradation of the mechanical properties of the substrate, high bonding
strength of the coatings to substrate, successful coatings on complex geometric shapes of the

substrate, inexpensive and ecologically friendly process [20], [23], [27]-[35]. Anodizing is
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an electrochemical process in aqueous solutions that generates an oxide layer, generally
thicker than those formed in a naturally way, that improves the surface characteristics of the
substrate. The anodizing process is classified into two groups depending on the potential
range. The conventional anodizing generates thin coatings (20 - 500 nm) and generally is a
process carried out at low potentials. The coatings obtained are generally dense layers that
improve the corrosion protection of the substrate. By adding some additives to the solution,
the formation of nanotubular layers has been observed; these coatings have different
functional properties and potential use in applications such as gas sensors, photocatalysis,
solar cells, biosensors and electronic applications. Nevertheless, thin coatings do not provide
an effective protection against wear as well as a good corrosion protection in some
aggressive environments [36]-[53]. Plasma electrolytic oxidation, PEO, is an anodic
oxidation of the substrate in an aqueous solution under conditions of plasma discharge,
which needs high-applied potentials. Sparking happens during anodizing due to dielectric
breakdown of the oxide at high potential. The presence of plasma produces local high
temperature regions leading to the formation of a crystalline and adherent coating on the
surface of the substrate. The coating thickness growth generates systemic changes in the
surface topography, which gives the possibility to obtain different morphologies and surface

features and consequently to determine the appropriated properties [19], [30], [54]-[58].

One important fact of the PEO process is that the chemical composition of the coatings
depends on the species in the solution, allowing the formation of different crystalline phases
during the process [1], [49], [59]-[61]. Different solutions, acid, neutral or alkaline, have

been used to obtain coatings on titanium alloys. The acid and neutral solutions allow the
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formation of coatings that improve mainly the corrosion protection of these materials.
Coatings obtained under PEO conditions reveal the formation of a porous structure, which is
important in many applications, especially in the biomedical sector. The chemical
composition is mainly TiO2 with the incorporation of species from the solution [7], [28], [46],
[48], [49], [62]-[68]. Alkaline solutions allow the formation of a wide range of crystalline
phases, among which stand out the formation of AloO3 and Al>TiOs, which exhibit good wear
behavior and superior mechanical properties than TiO,. This fact allows the formation of
coatings with a better performance against corrosion and wear due to the range of crystalline
phases that are obtained during anodizing. The formation of other crystalline phases into the
coating by anodizing in alkaline solutions has allowed new applications of PEO coatings [18],
[24], [25], [61], [69]-[71]. For example, the formation of barium titanate (BaTiOs) on
titanium allows using these materials in electronic applications [72], [73], the formation of
Al>03, SiO2 and ZrO> into the coating allows the formation of electrically insulating coatings,
the formation of mullite into the coating allows the application of PEO coatings as a thermal
barrier and the formation of phosphates species into the coating allows the formation of
bioactive coatings for biomedical applications [74]-[77]. The chemical composition of the
coating has a significant effect on its final properties; but the morphological distribution in
the coating can improve or deteriorate these properties. For example, a porosity increase
reduces the hardness and the wear and corrosion resistance of the coatings and also reduces
the thermal conductivity that benefits the applications of thermal protection. The coating
adhesion depends on many factors, such as the chemical composition, the porosity
distribution, and the coating thickness, among others. The control of the coating topography

affects the wear behavior, given that rough surfaces have higher friction coefficients,

4



nonetheless, rough surfaces can improve the adhesion of paints or the bonding of two
surfaces [1], [78]-[80]. Different studies have demonstrated the critical influence of the
electrochemical parameters on the oxide properties as well as on the growth mechanism of
the anodic coatings. For example, a high growth rate of the coating generates mechanical
damage, fatigue cracking and stress, decreasing the mechanical and tribological properties.
The coating growth rate depends mainly on the electrical parameters of the process (potential
and current). Another important parameter of the process is the solution temperature given
that increases the dissolution of the coating, rises the coating porosity and affects the size of
the micro-discharges; the latter generates large pores and increase the voids and pores near
the coating base, affecting the coating adhesion. Therefore, by controlling the anodizing
parameters such as concentration and nature of the anodizing solution, pH, temperature,
process time and electrical parameters of the process (potential and current density), the

surface properties can be modified depending on their final applications [14], [81]-[86].

Plasma electrolytic oxidation (PEO) is a very attractive surface engineering technique
given that it is an economic (compared with CVD and PVD) and ecological process that
allows improving the surface characteristics of titanium alloys as well as other metals. A
wide range of crystalline phases with different properties can be produced by PEO, which
can effectively improve the tribological and corrosion properties. In particular, PEO is a
unique and irreplaceable technique to fabricate functional coatings for specific applications
[85], [87]-[94]. Nevertheless, it is necessary to further study the fundamentals of the PEO
technique and understand clearly the relationship between the anodizing parameters and the

morphological characteristics of the coatings. Besides, it is important to relate these
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morphological characteristics with the corrosion behavior and wear of the anodic coatings.
On the other hand, the formation of other crystalline phases or combination of new
crystalline phases with oxides that have been widely studied could generate new functional
coatings. In addition, new solutions or the effect of various additives on the traditional
alkaline solutions could be explored, allowing improvement of the morphological
characteristics of the coatings. The thickness of wear-resistant coatings is usually > 10 um.
Thin coatings to be used in tribological applications are not widely explored, as these
coatings, regularly, do not provide an effective protection against wear and corrosion.
However, in some cases, the formation of thin coatings with good mechanical and
tribological performance could be useful for applications where no significant dimensional
changes are required, like screws and pistons. In this research, some of these technological

challenges were explored and the results obtained are summarized in the following chapters.

Document Overview

Chapter 1 presents the results of the coatings obtained in sodium hypophosphite-based
solutions with different electrical parameters. Dense coatings exhibit a better performance
against corrosion and wear. The porosity of the coatings is influenced by the anodizing
solution and the electrical parameters. Coatings obtained under potentiostatic conditions and
in the solution composed of sodium hypophosphite and sodium metasilicate have low
porosity and therefore, good corrosion resistance and wear performance.

Chapter 2 presents the results of the coatings obtained in sodium aluminate-based solutions
with different electrical parameters. Coatings obtained under potentiostatic conditions reveal

a better corrosion and wear resistance due to the formation of dense coatings. In the coatings
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obtained under galvanostatic conditions, the formation of mullite in the alumina matrix
improves the wear resistance significantly. The chemical composition of the coatings
obtained under potentiostatic conditions is similar due to the formation of small
micro-discharges that have a low intensity that does not allow the formation of other
crystalline phases.

Chapter 3 presents the effect of the anodizing parameters on the tribological and corrosion
properties. In the galvanostatic coatings, the increase of the current density decreases the
wear resistance of the coatings due to the decrease in the inner layer thickness. In the
potentiostatic coatings, the initial current density has a significant effect on wear and
corrosion properties and finally, the anodizing solution affects the size and intensity of the
micro-discharges, which generates different coating characteristics (morphology, thickness,
porosity, topography).

Chapter 4 presents the grow mechanism of the coatings obtained in both substrates in the
alkaline solutions with the addition of sodium metasilicate. It was found that the anodizing
process is influenced by both, the anodizing solution and the substrate. In the coatings
obtained in the sodium hypophosphite-based solution, the anodizing process has a similar
behavior; however, a difference in composition of the coatings is evidenced. In the coatings
obtained in the sodium aluminate-based solution, the coating obtained on Ti exhibits an
abundant gas evolution during anodizing which affects the anodizing process and reduces the

efficiency of the process.



Objectives

General Aim

To obtain anodic films on Ti c.p and Ti6AI4V alloy by anodizing technique in alkaline pH

solutions in order to improve the tribological properties for demanding wear applications.

Specific Aims
To set the parameters of the anodizing process on Ti c.p and Ti6Al4V alloy that allow the

formation of anodic films homogeneously distributed throughout the anodized area.

To determine the mechanical and tribological properties of anodic coatings obtained under

different parameters of the process.

To determine the effect of process parameters on the morphological distribution and
chemical composition of anodic films obtained using different surface and compositional
characterization techniques (SEM/EDS, XRD, Raman and AFM).

To determine the anticorrosive properties by electrochemical impedance spectroscopy of the

anodic films that showed good tribological behavior.

To study the possible mechanisms of formation of the anodic films that showed good

tribological behavior.



1. Chapter1l

Anodic coatings obtained in sodium

hypophosphite-based solutions

Abstract: Spark anodizing has been performed in two alkaline solutions using different electrical
parameters in order to study the coating formation. The surface features show a dependence on the shape
and distribution of the electric micro-discharges. In addition, the surface features and the chemical
composition of the coatings are dependent on the anodizing solution employed. The tribological
properties of the coatings formed are correlated with the morphology and the internal structure of the
coatings. The variation of the internal structure of the coatings was evidenced by EIS analysis. Results

indicate that it is possible to control the physical properties of the anodic film by an adequate selection of

9



the process parameters. A porous structure is obtained using a solution mainly composed of
hypophosphite, which exhibits a good tribological performance. Low porosity and compact structure can
be obtained in the anodic film by using an anodizing solution composed of hypophosphite and
metasilicate; furthermore, these coatings exhibit a good corrosion protection, especially on Ti6Al4V
alloy. The best wear resistances were observed in coatings formed at potentiostatic mode, as

demonstrated by the results of ball-on-disc wear tests.

Keywords: PEO, titanium alloys, tribological behavior, phosphorous solutions, corrosion resistance,

anodic coatings, property.

1.1. Introduction

The formation of coatings on light alloys using solutions composed by phosphates
species has been widely studied [26,27,94-98]. The phosphate-based solutions have some
benefits on the formation of anodic coatings due to the incorporation of phosphorous or the
formation of phosphates species into the coating that assists the osseointegration processes in
biomedical applications. In addition, the coatings formed have low friction coefficient, an
important aspect of the tribological performance. Moreover, the use of phosphate as an
additive in alkaline solutions allows reducing the porosity of the coating. A porosity
reduction, especially in the coating base, improves the adhesion of the coating, which in turn
improves its wear resistance [18], [19], [23], [25], [31], [78]. In this research, different
phosphorous sources were used to obtain anodic coatings on titanium alloys. However, better
results were obtained when using sodium hypophosphite-base solutions. On the other hand,

literature reports using sodium hypophosphite as a phosphorus source to obtain anodic films
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on titanium alloys are scarce. In this chapter, anodic coatings obtained in two
hypophosphite-base solutions are studied. The coatings were obtained with different
electrical perturbations, in both galvanostatic and potentiostatic modes. EIS analysis was
performed with the purpose of correlating the electrical properties of the coatings with
internal structure changes. Results indicate that, by an appropriate selection of process
parameters, it is possible to control the physical properties of the anodic coatings, with
potentiostatic coatings exhibiting the best tribological performance. Moreover, the plasma
characteristics are influenced by changes in the electrical properties of the coating generated
by elements incorporated from the anodizing solution. This fact is of a special interest in

titanium alloy processing, looking for an accurate control of the anodic film formation.

1.2. Experimental

Samples, with dimensions of 10 x 10 x 1 mm, were cut from a titanium sheet of Ti6AlI4V
alloy (AMS 4911) and Ti c.p grade 2. The samples were mechanically polished progressively
with SiC paper up to 1200 grit size, degreased with acetone using an ultrasound bath for 10
min, and then washed with distilled water and dried in a cool air stream. Titanium wire was
used to hold the samples in the anodizing solution. The wire with a U-shape in one side holds
the sample by pressure as observed in Fig. 2. The titanium wire area was taken into account
to calculate the total current applied. The anodizing process was carried out using a Kepco
Power Supply BHK 500-0.4 MG in an electrochemical cell of 1 L of volume immersed in a
cooled water bath, using a stainless steel beaker as a cathode. During the process, the solution
was stirred vigorously in order to homogenize the solution and maintain a uniform

temperature (20 °C). Table 1 shows the anodizing solution composition and the electrical
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parameters employed to obtain the anodic coatings. The chemical composition of the
solutions was established in order to obtain homogeneous coatings on titanium alloys. For P
solution, the concentration of NaOH for both materials was slightly modified for the purpose
of generating a stable anodizing process without high variations of potential, allowing the
formation of coatings with a homogeneous morphology. Both substrates allowed the
formation of coatings with a homogeneous morphology in the P-Si solution. Ca is added in
the P solution seeking its incorporation into the coating for biomedical applications where
wear resistance is also required [97], [100]-[103]. In the P-Si solution, silicate addition looks
to improve the corrosion and wear resistance, as well as induce bone formation, as
demonstrated in previous studies by other authors [104]-[108]. The coatings were obtained
both in galvanostatic and potentiostatic mode. Galvanostatic coatings were obtained
applying a constant current and recording the potential variation with time. For potentiostatic
coatings, after a short galvanostatic stage, current changes were recorded. During the process,
the micro-discharge behavior was monitored using a Canon 7D camera with a 100 mm F2.8
Macro lens, filming at 60 frames per second. Once anodic oxidation was completed, the
samples were taken out from the solution, washed with deionized water in an ultrasonic bath
for 15 minutes to clean the surfaces and then dried in a cool air stream. All the experiments

were performed in triplicate to ensure reproducibility of the anodizing process.
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Table 1 Solution concentrations and electrical parameters used to obtain the anodic coatings in sodium

hypophosphite-based solutions

Solution Conductivity Anodizing Time
Solution ID pH
concentration (g L) (mS cm) parameters (s)
NaH2P02.H20 : 10.0 50 mA cm? 600
EDTANaz: 7.4
P (Ti6Al4V) 14 20.1
(CHsCOO).Ca: 1.8 250V 600
NaOH: 4.0
NaH2P02.H20 : 10 50 mAcm? 600
EDTANa2: 7.4
P (Tic.p) 13.2 17.2
(CHsCOO).Ca: 1.8 300V 600
NaOH : 3.0
NaH2PO2: 10.0 50 mA cm? 1000
P-Si 13.7 10.7
NazSi03.9H20: 5.0 400V 1000

Top views and cross-section views of the coatings were observed using scanning
electron microscopy in a JEOL JSM 6490 LV instrument, equipped with energy dispersive
X-ray spectroscopy (EDS — 20 kV). For examination of the cross-sections, the samples were
mounted in resin and polished to a 0.3 um alumina finish. The arithmetic average roughness
(Ra) of the coating surfaces was assessed using a DektaK XT profilometer (Bruker). The
phase compositions of the coatings were evaluated by X-ray diffraction (Empyream
PANalytical), using Cu K, radiation with a scanning range in the 20 = 10 — 90°. The
tribological performance of PEO coatings was evaluated using a ball-on-disc tribometer. The
test was carried out under unlubricated condition at ambient atmosphere, with a sliding speed
of 60 rpm, a wear track with a radius of 2 mm, a sliding distance of 22 m, a load of 4 N and
using a stainless ball AISI 420 of 6 mm diameter as counter-body. The wear rate was

calculated by weight loss using a micro balance Mettler Toledo UMXS5 with an accuracy of £

13



0.1 pg. To calculate the wear rate, the following equation (1) was used:

Wear Rate = IxF (D
Where m is the weight loss during the test, d is the sliding distance and F is the normal force
applied. All tribological tests were stopped before reaching the substrate.

The electrical properties of the anodic coatings were determined by electrochemical
impedance spectroscopy (EIS). EIS measurements were performed using a
Potentiostat/Galvanostat IM6e BAS Zahner at open circuit potential (OCP), in potentiostatic
mode with a 10 mV of amplitude perturbation and a frequency scan from 10°to 0.005 Hz.
Measurements were performed at room temperature and potentials were measured with
respect to an electrode of Ag/AgCl. The solution used was NaCl 3.5 g L. The EIS results

were analyzed and fitted using the software Gamry Echem Analyst version 6.11, which fits

the experimental results using a least-squares approximation.

1.3. Results

Potential-time and current density-time curves of the anodizing processes are shown in
Figs. 1 (a,b) and (c,d) respectively. The figures show the behavior characteristic of PEO
condition for all anodizing parameters [1]. For the coatings obtained in P solution, a steep
increase of the potential is observed up to ~ 150 V; the slope of the curve decreases and the
potential continues ascending to a critical potential value and the formation of
micro-discharges and evolution of gas is evidenced on the surface of the material. For the

coating obtained on Ti c.p, a higher potential is reached at the end of the process (Fig. 1a).
14



The coatings obtained in P-Si solution reveal the same regions in the anodizing curves as
well as similar behavior for both materials. However, the potential reached at the end of the
process is higher than the coatings obtained in P solution (Fig. 1b). For the coatings obtained
under potentiostatic conditions (Fig. 1c), the initial galvanostatic stage is followed by a rapid
decrease in current density until the end of the process. Throughout this process, evolution of
gas and micro-discharges with small size were observed with smaller micro-discharges than

the galvanostatic process. A similar behavior is evidenced for the coating obtained in P-Si

solution (Fig. 1d).
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Figure 1. Potential-time curves for the coatings obtained under galvanostatic conditions (50 mA cm) in (a) P solution and
(b) P-Si solution and current-time responses for the coatings obtained under potentiostatic conditions in (c) P solution and

(d) P-Si solution.
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The anodic coatings were obtained using the alkaline solutions mentioned in Table 1.
The solution conductivity changed depending on the chemical species in the anodizing
solution. During the plasma electrolytic oxidation process, gas evolution and electric
micro-discharges were observed on the substrate surface [25]. The maximum voltage
reached during the process was different for the various anodizing solutions, several
researchers [109], [110] have reported on the relationship between solution conductivity and
breakdown potential. The lower the solution conductivity, the higher the breakdown potential
value reached during anodizing, as observed for the anodizing solutions evaluated.

In PEO process, the nature of the anodizing solution has a significant effect on the size
and shape of the micro-discharges; Fig. 2 shows the appearance of the spark discharges
during the anodizing process. For the anodic coatings obtained in the same anodizing
solution, the spark discharges show a similar appearance; nevertheless, the spark density
changes according to the anodizing conditions. A surface color change is observed, due to the
formation of an insulating thin film at initial stages of the PEO process. Then, surface gas
evolution is observed on titanium anode at 30 s and after this, the formation of sparks on the
surface is observed for all anodizing solutions. Nevertheless, some changes in the sparks
appearance are observed according to the solution; at early stages of the process, small sparks
distributed over the surface of the material are observed. In the final stages of the process,
sparks increase in size with time and their color changes into yellow. In the anodic coatings
obtained in P-Si solution, the spark size and density are greater. Concerning the coatings
obtained under potentiostatic conditions, the sparks density is reduced notably, especially
during the transition from the initial galvanostatic process into the potentiostatic mode,

whereas spark sizes do not show significant changes during the process. Micro-discharge
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appearance for both materials is similar in the same anodizing solution.

P Solution

P-Si Solution

Figure 2. Micro-discharges appearance at various stages of PEO process of the anodic coatings obtained at galvanostatic

mode on Ti6Al4V using 50 mAcm2 in P solution and P - Si solution respectively.

The surface morphology of the anodic coatings depends on both the nature of the
anodizing solution and the electrical parameters employed to obtain the coatings [77,79].
Fig. 3 shows SEM micrographs of the surface morphology of the anodic coatings obtained,
evidencing the formation of a porous structure, typical of the PEO process [111]-[113]. The
surface morphology of coatings obtained in P solution revealing circular pores for
galvanostatic coatings with the formation of volcano-shaped pores only in Ti c.p. As
observed in the galvanostatic coatings, circular pores are also formed in potentiostatic
coatings; nevertheless, on Ti6Al4V alloy the formation of some coalescent pores is also
shown and the pore density, in this case, appears higher than in the other conditions.

Concerning the surface morphology of the anodic coatings obtained in P-Si solution. In
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general, the addition of silicate to the hypophosphite solution decreases the coatings surface
porosity, in particular in the coatings obtained on Ti6Al4V alloy under galvanostatic
conditions. Circular pores are evident in the coatings obtained under potentiostatic
conditions. As in the P solution, the coating obtained on Ti6Al4V alloy shows the formation
of pores with a higher size. These morphological variations generate changes in the

roughnesses of the coatings obtained.

Surface roughnesses of the coatings are shown in Fig. 4. For the coatings obtained in P
solution, the highest roughness occurred in the coating produced on Ti c.p due to the
formation of volcano-shaped pores (in agreement with SEM analysis), while the surface
roughness for the other anodizing conditions has similar values (Fig. 4a). In the coatings
obtained in the P - Si solution, a similar topography roughness is evidenced, regardless of the

electrical parameters (Fig. 4b).
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Figure 3. SEM micrographs (SE) of the coatings formed under the conditions listed in Table 1.
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Figure 4. Roughness determined by AFM of the coatings obtained in the following solutions (a) P and (b) P - Si

Fig. 5 shows the cross-sections of the anodic coatings formed and Fig. 6 shows the
average thickness of all anodic coatings. It is observed that the nature of the anodizing
solution and the anodizing parameters have a significant effect on the coating thickness and
internal porosity. Coatings obtained under galvanostatic conditions has higher thickness than
coatings obtained under potentiostatic conditions in both solutions. In P solution, the coatings
obtained on Ti6AIl4V alloy have lower thickness than the coatings formed on Ti c.p (Fig. 6a).
The highest thickness was obtained in the coating obtained in P solution on Ti c.p at 50 mA
cm2. In the P-Si solution, coatings obtained on Ti6Al4V alloy has a higher thickness in
comparison with the coatings formed under the same electrical parameters on Ti c.p (Fig. 6b).
From the cross-section SEM images, the formation of a dual-layer structure is evidenced, due
to the existence of temperature gradients between the inner and outer layer, (a dense inner
layer and a porous outer layer) and the development of pores and holes associated with
dielectric breakdown, accompanying the micro-discharges during the PEO [114]. Crossing
pores and big pores concentrated towards the metal-oxide interface are formed in coatings
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obtained in P solution. Potentiostatic coatings show a decrease in porosity, especially near the
metal-oxide interface. Dense coatings are formed in P-Si solution on Ti6Al4V alloy and
some pores and cracks (possibly formed during cross-section polishing) near the metal-oxide
interface are observed. On the coatings obtained on Ti c.p, the formation of pores and voids

are observed, especially near the coating base.

The composition of the coatings was assessed by EDS and summarized in Table 2.
Phosphorous, silicon, oxygen, sodium and calcium are incorporated into the coatings from
the solution. Moreover, the coatings contain titanium derived from the substrate, vanadium is
not evident into the coatings obtained on the Ti6AIl4V alloy. The Al signal detected in the
EDS analysis could be associated with the aluminum incorporated in the coating or the
aluminum in the substrate. In the coatings obtained in P solution, the incorporation of Ca and
P is revealed, nevertheless, the concentration of the elements does not exhibit a tendency with
the electrical parameters. In the coating formed in P-Si solution, silicon and phosphorous are
the main elements incorporated from the solution into the coatings. Fig. 7 shows EDS line
scan analysis across the coatings formed. Incorporation of elements from the anodizing
solutions is observed through the coating and an inhomogeneous distribution of some
elements is evident. All the anodic coatings have incorporation of phosphorous, located
mainly in the middle of the coating whereas oxygen signal indicates a homogeneous
distribution across the film. Calcium is also observed in the outer part of anodic coatings
formed in P solution (Fig. 7a). Likewise, the anodic coatings obtained in P-Si solution

exhibit an enrichment of silicon in the outer part of the coating (Fig. 7b).
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Figure 5. SEM cross-section micrographs (BSE) of the coatings formed under the conditions listed in Table 1
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Figure 6. Thickness of the coatings obtained in (a) P solution and (b) P-Si solution
Table 2. Chemical composition of the main components of the anodic coatings obtained
Solution Electrical ]
Material % Al % O % Ti % P % Si % Na % Ca
ID Parameter
Tic.p - 68.58 20.46 7.96 - 0.48 2.52
50 mA cm2
Ti6AI4V 1.34 70.67 19.98 5.88 - 0.46 1.66
P
300V Ticp --- 69.70 20.91 6.42 - 0.52 0.90
250 V Ti6AI4V 143 70.47 19.19 7.07 - 0.66 1.17
Ticp --- 70.03 21.92 4.85 3.20 0.34
50 mA cm?
Ti6Al4v 1.43 70.75 13.77 5.15 8.45 0.38
P - Si
Ticp --- 70.16 20.49 5.18 4.18 0.52
400 V
Ti6AI4V 1.42 71.70 14.89 4.60 6.72 0.68
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Figure 7. EDS analysis of the cross-section of the coatings obtained on Ti6AI4V alloy in (a) P solution (50 mA cm™2) and

(b) P-Si solution (50 mA cm™2)

The crystal structure of the anodic coatings assessed by XRD is shown in Fig. 8. The
XRD patterns show the characteristic peaks of titanium dioxide both in anatase and rutile
phases; additionally, peaks of the substrate are also observed. In the coatings obtained on Ti
c.p, anatase phase is the main crystalline phase in all the coatings, showing a higher intensity
in the coatings obtained under galvanostatic conditions (Figs. 8 a,b). In the coatings obtained
on Ti6AI4V alloy, anatase is the main crystalline phase and rutile is observed in minor
proportion for all conditions (Fig. 8 c,d). As in the coatings formed in P solution,

galvanostatic coatings peaks has a higher intensity than potentiostatic coatings.
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Figure 8. XRD patterns of the anodic coatings obtained on (a,c) Ti c.p and (b,d) Ti6AI4V alloy using the following

solutions (a,c) P solution and (b,d) P-Si solution

Fig. 9 shows the friction coefficient obtained for the anodic coatings and the surface
appearance of the sample surface and the counter-body after the tribological test. A stable
friction coefficient was observed for all coatings after a while that the test had started and
only the substrate exhibits some fluctuations. P coatings have a similar friction coefficient
behavior both in galvanostatic and potentiostatic conditions (Fig. 9a), while P-Si coatings

formed at 400 V show the lower friction coefficients values (Fig. 9b). The same behavior was

25



observed for the coatings obtained on Ti c.p; therefore, only the friction coefficient responses
on Ti6AIl4V alloy are shown. SEM analysis of the wear path after the test, clearly shows, for
all coatings, that the wear test does not reach the substrate (Fig. 9¢) and the counter-body

showed wear after the test, as observed in Fig. 9d.
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Figure 9. Friction coefficient register of the anodic coatings obtained on Ti6Al4V alloy in (a) P solution, (b) P-Si solution,
¢) SEM image of the surface of the anodic coating formed on Ti6Al4V alloy in P-Si solution at 50 mA cm and d) OM

image of the counterbody after the wear test
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The wear rate of the anodic coatings is shown in Fig. 10. All the anodic coatings improve
the wear resistance of the substrate (4.28 x 10"° Kg/N.m for Ti6Al4V alloy and 18.7 x 10
Kg/N.m for Ti c.p), with the potentiostatic coatings showing a better tribological
performance than the galvanostatic coatings. The lowest wear rates were measured in the
anodic coatings formed at 250 V in P solution and 400 V in P-Si solution on Ti6Al4V alloy.
The negative value of wear rate for the P coating formed at 250 V on Ti6Al4V alloy (see Fig.
11f) is due to adhesion of counter-body debris to the coating surface, which increases the
weight of the sample. As the anodic coatings obtained in P solution, the P-Si potentiostatic
coatings exhibit a better tribological performance than galvanostatic coatings (see Fig. 10b),
especially the coatings obtained on Ti6Al4V alloy. In general, the coatings obtained on

Ti6Al4V alloy have lower wear rates than the coatings obtained on Ti c.p.
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Figure 10. Wear rate of the coatings obtained in (a) P solution and (b) P-Si solution.
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Results of SEM analysis for some coatings after wear tests are shown in Fig. 11. The
EDS analysis (Fig. 11e) on the wear path of the coating formed at 400 V in P - Si solution on
Ti c.p, confirmed the presence of debris from the counter-body on the surface of the anodic
coating. In the anodic coating formed at 50 mA cm 2 in P solution on Ti c.p (see Fig. 11 a,b),
adhesion and mainly spalling are the wear mechanisms observed. Nonetheless, in the anodic
coating obtained at 400 V in P-Si solution on Ti c.p, adhesion is the main wear mechanism;
due to the anodic coating which does not show a significant surface damage after the wear
test, as shown in Fig. 11 c,d; this result evidences different tribological behavior between
galvanostatic and potentiostatic coatings. For the coatings formed on Ti6Al4V alloy, a
similar behavior is observed; the galvanostatic coatings show spalling and adhesion as the
wear mechanisms (Fig. 11 h,i) and the potentiostatic coatings show adhesion as the main

wear mechanism (Fig. 11 f,g).
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Figure 11. SEM micrographs of wear paths of the coatings obtained in (a,b) P solution on Ti ¢.p (50 mA cm), (c,d) P - Si
solution on Ti c.p (400 V), (d) elemental mapping of the wear path of the coating obtained in P-Si solution (Fig. 11c), (f) P
solution on Ti6Al4V alloy (250 V), (g) P-Si solution on Ti6Al4V alloy (400 V) and (h,i) P solution on Ti6Al4V alloy (50

mA cm2)
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Fig. 12 shows Bode diagrams of the anodic coatings formed in the solutions mentioned
in Table 1. The diagrams show two capacitive loops, indicating the formation of a duplex
structure in the anodic coatings (a dense inner layer and a porous outer layer), as has been
mentioned by other authors [46], [104], [114], [115]. According to literature reports, the first
capacitive loop corresponds to the porous outer layer and the second one corresponds to both
the dense inner layer and the relaxation of the electrical double layer [116]. The relaxation
processes of both the inner layer and the electrical double layer have similar values of time
constant so that only one capacitive loop at low frequencies appears in the impedance
diagram. Figs. 12(a,c) shows the impedance spectra for the coatings formed in P solution.
The potentiostatic coatings exhibit a higher impedance module than the galvanostatic
coatings as shown in the Bode diagram. Moreover, the time constant of the porous layer (high
frequencies) shows variations in its characteristic frequency, indicating changes in the
electric properties of the coating obtained on Ti6Al4V alloy in P solution. Fig. 12(c,d) shows
the impedance spectra of the coatings formed in P-Si solution. Like the coatings formed in P
solution, the impedance module is higher for the potentiostatic coatings. Time constants in
both the porous layer and the inner dense layer do not show changes in the characteristic
frequency as a result of variations in anodizing parameters. Finally, the highest impedance
modules are observed in the coatings formed in the P-Si solution on Ti6AIl4V alloy and the

characteristic frequency of the porous layer is greater than in other solutions.
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Figure 12. Bode spectra for the coatings obtained on Ti6Al4V in (a) P solution and (b) P-Si solution and Bode spectra for

the coatings obtained on Ti c.p in (c) P solution and (d) P-Si solution

Impedance data were analyzed using different equivalent circuits. The circuit shown in
Fig. 13 corresponds to the better fit of the experimental data and gives an adequate physical
meaning of the electrical parameters of the coatings. The cascade circuit shown in Fig. 13
allows to take into account the parallel combination of the electric double layer capacitance
and the charge transfer resistance, because the inner layer is not completely homogeneous
and has nanometric pores that allow contact between the Ti substrate and the solution. The
capacitances of both the inner layer and the porous layer present in the coating were related to
constant phase elements (CPE), which are associated with heterogeneities in the coating. In
the equivalent circuit shown in Fig. 13, Rp and Qp represent the resistance and the
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pseudo-capacitance of the porous layer, Ry and Qb represent the resistance and the
pseudo-capacitance of the inner layer and R and Cqc refer to the charge transfer resistance
and the capacitance of the electrical double layer. Fig. 12 shows the simulations for the
anodic films obtained at mode galvanostatic and potentiostatic (solid line). It is observed that
there is a high correlation between experimental and theoretical values according to the

model proposed.
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Figure 13. Equivalent circuit model used for the adjustment of impedance data of the anodic films obtained. Solution
resistance (Rs), porous resistance layer (Rp), Inner resistance layer (Ry), porous layer pseudo capacitance (Qp), inner layer

pseudo capacitance (Qb), electrical double layer capacitance (Cuac) and charge transfer resistance (Ric).

The values of effective capacitance were calculated from the parameters of the constant

phase elements in accordance to the following equations [68]:

Copy = QY/MRe(=™/n Surface distribution 1)

Copp = QYMRfOA-M/M Normal distribution 2
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The surface distribution (Equation 1) was used to calculate the effective capacitance of
the inner layer. The surface distribution is used to calculate the effective capacitance in the
case of which admittance is influenced by the electrode surface; this is the case of the inner
layer due to the roughness generated in the interface metal — oxide. Q and n are the
parameters of CPE and Re is the resistance in series with the constant phase element. In this
case, Re corresponds in the equivalent circuit to Rp. Furthermore, the normal distribution
equation (Equation 2) was used to calculate the effective capacitance of the porous layer due
to the heterogeneous distribution of the coating and the porosity. In this case, Q and n are the
parameters of CPE and Rg is the resistance in parallel with CPE, which corresponds in the
equivalent circuit to Rp. The values of the electrical parameters provided by the equivalent

circuit for the anodic films obtained are shown in Table 3.

Table 3. Electrical parameters of the coatings obtained by the fitting of the EIS experimental results

Electrical parameter provided by the EIS fitting

Electrical
Solution 1D Material Ro Ro R Co Cp Cuc Zi=0.005 Goodness
parameter Np np
(KQcm?)  (MQcm?) (MQ cm?) (uF cm™?) (uF cm?) (WFecm?)  (KQcm?) of fit x 10
Ticp 18.61 3.984 29.01 0.065 0.52 0.041 091 1.50 430.29 3.19
50 mA cm?
Ti6AI4V 0.36 0.01 1.21 0.43 0.55 1.30 0.60 8.12 22.33 0.10
P
300 V Tic.p 31.94 7.787 239.20 0.056 0.63 0.010 0.97 4.60 739.54 4.46
250 vV Ti6Al4V 42.32 3.370 19.42 0.051 0.89 0.075 0.46 121 367.43 0.20
Tic.p 100.36 0.19 212 0.050 0.63 0.215 0.92 18.45 612.79 3.76
50 mA cm?
Ti6AI4V  5.88 x 10° 9.34 x 10° 471 4.73x 108 0.77 1.49 x 10°° 0.61 12.34 2.74 x 10° 1.22
P-Si
Tic.p 197.35 0.95 88.25 0.020 0.64 0.029 0.95 4.45 948.66 0.81
400 V
Ti6Al4V  1.72x 10° 9.17 x 107 105.05 5.26 x 107 0.87 1.05x 10° 0.60 1.52 7.89 x 10° 1.25
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1.4. Discussion

Real-time images of the PEO process evidenced that the chemical composition of the
anodizing solution affects the appearance of micro-discharges (Fig. 2), as well as the surface
morphology and the internal porous structure during the coating formation (Figs. 3 and 5).
Larger micro-discharges are formed in P-Si solution in the final steps of the process; several
researches have reported the formation of large and intense sparks by using metasilicate in
the anodizing solution [18], [90], [96]. Based on Optical Emission Spectroscopy data [117],
temperature analyses during spark discharges show the formation of two micro-regions
during sparking: A hot core with temperatures up to 8000 to 10000 K and a relatively cold
bubble (2000 K) separating the core from the solution. The high temperature generated
during the process leads the formation of crystalline phases into the coatings. In the present
study, addition of metasilicate in the P-Si anodizing solution does not generate the formation
of SiO> phases as has been reported by other researchers [18], [89], [96]. In the XRD spectra
(Fig. 8), the increase in the intensity of the characteristic bands of anatase or rutile in some
coatings is related to the increase in coating thickness as evidenced in cross-section SEM
images. The EDS analysis shows the incorporation of some elements from the anodizing
solution in the anodic coatings (Fig. 7); the phosphorus found mainly in the inner parts of the
coatings is the result of phosphate anions being incorporated through the discharge channels
under a high electric field [32]. In addition, silicon species are also observed on the surface of
the coatings formed in P-Si solution and calcium species are evidenced in the coatings
obtained in P solution as reported in the literature [118], [119]. EDS analysis does not clearly
show incorporation of aluminum or vanadium in the coating; according to literature reports,

high solubility of vanadium oxides or vanadium compounds is the cause of low incorporation
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of vanadium into the film and the low concentration of aluminum is not conducive to

formation of aluminum oxides [61], [120].

Porosity in the anodic coatings formed in P solution varied with anodizing conditions,
both at the surface (Fig. 3) and inside of the anodic film (Fig. 5), showing lower porosity
coatings obtained under potentiostatic conditions. The later can be explained since the
potentiostatic mode allows controlling the size and density of micro-discharges, especially at
low potentials. Analysis by EIS evidenced structural changes in the coatings due to changes
in the electrical parameters of the coating layers (Table 3). In all P coatings, the overall
resistance depends mainly on the dense inner layer given that the resistance of this layer (Rp)
is greater than the porous layer resistance (Rp), in agreement with other researchers [1], [114],
[121]. For the galvanostatic P coatings, the coating obtained on Ti c.p exhibit a better
corrosion resistance than the coating obtained on Ti6Al4V alloy. Table 3 shows that R; is
higher for the coating obtained in Ti c.p due to the formation of a thicker coating (Fig. 5),
consequently causing the decrease of Cp, in comparison with the coating obtained on Ti6Al4V
alloy. Regarding the inner layer, Ry, is higher for the coating obtained on Ti c.p, indicating the
formation of a thicker and denser inner layer (Fig. 5). Consequently, Cy, rises for the coating
obtained on Ti6AIl4V alloy. Therefore, coatings obtained on Ti c.p exhibit a better corrosion
resistance since the resistance depends on mainly of the inner layer. The charge transfer
resistance represents the inner layer blocking electron transfer. For that reason, Ry and Cqc
show a similar behavior than Ry and Cy. The electrical parameters of the potentiostatic P
coatings show a similar behavior; nevertheless, Rp, Rp and Ry are greater due to the

formation of a dense coating. The coatings obtained on Ti c.p appear to be similar according
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to np parameter of CPE, which refers to the uniformity of porosity through the coating (see
Table 3). On the other hand, ny, refers to the roughness of the metal-oxide interface; np values
in Table 3, indicate that this interface is smoother for potentiostatic coatings on Ti6Al4V
alloy, due to the smaller micro-discharges occurring in this anodizing condition [116]. These
internal changes might influence the mechanical and tribological properties of the coating.
Potentiostatic coatings show a better tribological performance due to the formation of denser
coatings (Fig. 5) and the wear mechanism of these coatings is mainly adhesion, which is less
severe than the wear mechanisms showed by the galvanostatic coatings. Besides, Ry is
greater for the coatings obtained under potentiostatic conditions, indicating a dense inner
layer and consequently improving coating adhesion to the substrate. Similar results have
been reported, where a reduction in porosity in the metal-oxide interface improved the wear
performance [122]. Additionally, the literature suggests that the greater the coating thickness,
the weaker the strength of adhesion of the coating to the substrate [1]. The better wear
performance of the coatings obtained on Ti6Al4V alloy is due to the formation of rutile into
the coating. It has been reported that the good adherence of the rutile phase on titanium
improved wear resistance and reduces the friction coefficient. Rutile-like oxide phases
exhibited low shear strength due to the particular crystallographic shear plane and behaved
like a solid lubricant [23]. The similar friction coefficients observed for all coatings are
related to little variation on surface roughness. Besides, coatings obtained on phosphates

solutions exhibit low friction coefficient values as has been reported [18], [19].
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In the coatings formed in P-Si solution, high electrical resistances of these coatings
indicate that these coatings exhibit higher corrosion resistances (Table 3), especially on
Ti6Al4V alloy, as already reported by other authors [46], [90]. These coatings show
differences in electrical parameters for the inner and the outer layer, more significant than the
coatings obtained in P solutions. In this solution, the better corrosion resistance is evidenced
in the coatings obtained on Ti6Al4V alloy due to the formation of coatings with low porosity
(Fig. 5), therefore Ry and R are higher and consequently, Cy and C, decreases. As in P
coatings, the overall resistance of the coating depends mainly on the inner layer.
Correspondingly, the highest impedance module is obtained in the coating formed at 400 V
(Table 3) on Ti6AI4V alloy. As in the coatings formed in P solution, the heterogeneity of the
porous layer is similar for the two materials evaluated and the interface metal-oxide is
smoother for the potentiostatic coating obtained on Ti6Al4V alloy according to parameters of
CPE (n, np). Likewise, the potentiostatic coatings show a better tribological performance,
especially the coating formed on Ti6AIl4V alloy due to the formation of rutile as a second
crystalline phase in the coating (Fig. 10), which also exhibits the lower friction coefficient.
As the coatings obtained in P solution, the wear mechanism of the potentiostatic coatings is

less severe than the wear mechanisms of the galvanostatic coatings.

In the chapter, it has been found that anodic coatings obtained in P and P-Si solutions
exhibit good tribological performance, especially anodic coatings formed in potentiostatic
mode. Besides, potentiostatic coatings showed a better corrosion resistance due to the
increase of the resistance of the inner layer (RDb), indicating the formation of a denser and

thicker inner layer. This is due to the size and the lifetime of the micro-discharges in
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potentiostatic mode, which are smaller than in galvanostatic mode. Xuelin Zhang et al [116]
analyzed by EIS the grow of anodic coatings with time, finding that a potential increase is not
beneficial for the growth of the inner layer due to the increase in both the size of the
micro-discharges and the porosity. Large discharges contribute to the formation of some deep
pores inside the coating and also decreases the smoothness of the coating-substrate interface.
These results indicate that density, intensity and lifetime of sparks can be related to surface
morphology of the coating, particularly to the porosity. Moreover, the variation of electrical
parameters in the coating by the fitting of the EIS experimental results, evidence internal

structural changes generated in the coating by changing the anodizing conditions.
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1.5. Conclusions
Anodic coatings have been obtained in alkaline solutions by plasma electrolytic oxidation.
The effect of different additives was studied seeking to improve the wear resistance of the
titanium alloy. The conclusions of the work are as follows:

1. Plasma electrolytic oxidation carried out in different alkaline solutions indicate that
both shape and size of the spark discharges together with the chemical composition of the
anodizing solution have a significant influence on the surface morphology of the coatings.
2. Anodic coatings obtained in P-Si solution had lower porosity respect to the other
anodic coatings obtained and, consequently, higher corrosion resistance.

3. Anatase crystalline phase was the main structure formed whilst rutile phase was
detected in minor proportion only in the coatings obtained on Ti6Al4V alloy. Conversely, in
the coatings obtained on Ti c.p, anatase phase is the only crystalline phase.

4. Potentiostatic coatings showed a better tribological performance than coatings
grown under galvanostatic control; it is especially true for the anodic coatings obtained on
Ti6Al4V alloy in P (250 V) and P-Si (400 V) solutions, which showed the lowest wear rate
values.

5. EIS analysis allowed characterization of the electrical properties of the anodic
coatings. These electrical parameters were found to be closely related to changes in the

coating internal structure, which can be achieved by variation of the anodizing conditions.
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2.Chapter 2

Anodic coatings obtained in sodium

aluminate-based solutions

Abstract: PEO coatings have been obtained using an aluminate-based solution with additions of
NaH,PO, and NazSiOs. The effect of the solution composition and the electrical parameters on the
corrosion and wear performance were studied. The chemical composition of the coatings is mainly
Al>,O3 and Al,TiOs. Nevertheless, in the coatings obtained under galvanostatic conditions, the formation
of other crystalline phases due to the additives in the solution was evidenced; NasTisO1. phase was
observed into the coatings obtained in the solutions with the addition of NaH.PO, whereas mullite was
evidenced in the coating obtained on Ti6Al4V alloy with the addition of Na,SiOs. The formation of

mullite into the alumina matrix improves significantly the tribological behavior of the coatings obtained
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under galvanostatic conditions as evidenced in the wear tests. The coatings obtained under potentiostatic
condition exhibit better tribological properties due to the formation of a dense coating. Coatings
obtained with Na,SiOs in the solution exhibited a better corrosion resistance due to the decrease of the
coating porosity. The morphology changes of the coatings are related to the electrical parameters

calculated by the fitting of the EIS experimental results.

Keywords: PEO coatings, titanium alloy, wear resistance, mullite — alumina coatings, corrosion

resistance, property.

2.1. Introduction

Alkaline solutions containing aluminates have been often used to form hard oxides
containing Al.O3 and Al,TiOs phases. These crystalline phases promote the formation of
coatings with good wear performance as well as good adhesion [18], [20], [23], [25], [30],
[33].. The Al TiOs phase is formed by a eutectic reaction between Al>Os and TiO and the
ratio of phases into the coating depends on the anodizing parameters, especially of the
anodizing solution. Moreover, the distribution of the crystalline phases in the coating affects
properties such as adhesion, hardness and the mechanical and tribological behavior [22], [61],
[70], [94], [122]-[126]. In coatings formed in aluminate-based solutions, the formation of a
secondary crystalline phase in the alumina matrix increases the fracture toughness of the
coating and thereby provides an improvement of the wear resistance; for example, the
formation of aluminum titanate improves the adhesion of the coating as well as the wear
resistance [17], [25], [77], [127]-[129]. Another crystalline phase that improves the
properties of the alumina matrix is the mullite due to its relatively lower specific weight. The
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combination of alumina and mullite in the coating at an optimal ratio might increase the wear
resistance, in addition this crystalline phase has high thermal stability and acts as a thermal
barrier. Many studies of PEO on aluminum that form alumina - mullite coatings have
demonstrated their good wear resistance and thermal properties as well as their good
corrosion resistance [75], [76], [130], [131]. Besides the chemical composition of the
coatings, that has an important effect on the coating properties, the control of the
morphological characteristics such as porosity, roughness, morphology distribution, pore
diameter and homogeneity of the coating thickness, has an important effect on the coating
properties, especially the porosity. The decrease in the porosity increases the hardness and
therefore the tribological behavior of the coating. A smooth surface allows reducing the
friction coefficient in wear applications, which is very important to obtain a good wear
performance. On the other hand, the formation of a dense coating, especially near the coating
base, improves the adhesion of the coating and the corrosion resistance. These morphological
characteristics depend on the electrical parameters (current density, potential, time) of the
anodizing process, indicating that a good selection of the process parameters allows
controlling the characteristics of the coating, improving the mechanical and tribological
properties [1], [13], [36], [78].

The formation of wear resistant coatings on titanium alloys using aluminate-based
solutions has been studied widely. However, the formation of secondary phases in the
alumina matrix like other aluminate phases, mullite and aluminum oxides, combined with
other elements for wear demanding applications, has not been explored extensively [32], [61],
[94], [96]. In aluminum, the formation of these phases by PEO anodizing has been widely

explored with good results; nonetheless, titanium exhibits a strength-density ratio higher than
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aluminum, which could be important for many applications [1], [28]. In this chapter, anodic
coatings were obtained in aluminate-based solutions containing alumina - titanate and
alumina - mullite as the main chemical composition. The influence of the solution
composition and the electrochemical conditions on the coatings properties was assessed. The
coatings obtained under potentiostatic condition showed a better wear resistance despite
being coatings relatively thin. Potentiostatic control allows the formation of coatings with

low porosity, decreasing the wear rate and improving the corrosion resistance of the coatings.

2.2. Experimental

The anodizing procedure and the characterization of the coatings were described in
Chapter 1. Aluminate-based solutions with various additions, which are listed in Table 4,
were employed to form the coatings. The NaH>PO. additions to the aluminate-based
solutions were made to promote the incorporation of phosphorus species into the coatings,
which has been reported to reduce the porosity and the friction coefficient of the coatings
[18], [22], [31]; and to enhance their wear resistance [78]. The Na2SiOz addition was selected
to incorporate silicon species which has been reported to improve the corrosion protection
and lead to the formation of mullite within the coatings [31], [78], [132]. The galvanostatic
anodizing was carried out at 50 mA cm for 1000 s; the potential was recorded during the
process. The potentiostatic mode employed a first period of anodizing at galvanostatic mode
until the potential reached 400 V and a second period in which the potential was held at 400

V during 1000 s; the current density was recorded during the process.
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Table 4. Solution concentrations and electrical parameters used to obtain the anodic coatings in sodium

aluminate-based solutions

Solution Solution Conductivity Anodizing
pH Time (s)
ID composition (g L) (mScm?) condition
Al-P NaAlO;: 12.24 50 mA cm?
13.34 13.60 1000
NaH>PO,.H,0: 3 400 V
Al - Si NaAlO,: 12.24 50 mA cm?
13.74 12.32 1000
Na;Si03.9H,0: 1 400 V

The friction coefficients and wear-resistances of the coatings were determined by dry
sliding tests using a ball-on-disc tribometer. The tests were carried out under unlubricated
conditions in the ambient atmosphere (25 °C and 50 % Humidity) with a rotation rate of 60
rpm, a wear track of 6 mm of diameter and a sliding distance of 200 m; a SUJ2 steel ball of 6
mm diameter was used as a counterbody, with an applied load of 5 N. The wear rate was

determined from the weight loss of the sample as was described in chapter 1.

2.3. Results

The potential-time and current density-time curves for the galvanostatic and
potentiostatic anodizing processes are shown in Figs. 14 (a,b) and (c,d) respectively. Each
figure compares the results for the two materials in the solutions given in Table 4. The curves
are of the typical forms for anodizing under the respective two modes [133], [134]. In Fig. 14
a, a steep increase of the potential is observed up to ~ 200 V. The slope of the curve then

decreases until reaching a stable potential. Both materials have the same behavior in this
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solution. In Fig. 14 b, a steep increase of the potential is observed up to ~ 200 V. The slope of
the curve then decrease, especially for the coating obtained on Ti c.p, which coincides with
abundant gas evolution and the formation of small micro-discharges on the sample surface.
Further a stable potential is reached in the Ti6Al4V alloy sample whilst it is not observed on
the Ti c.p sample. For the coatings obtained under potentiostatic conditions (Figs. 14 c,d), the
current density in the potentiostatic period initially decreased rapidly, followed by a final
region of slow change. Throughout the potentiostatic period, both evolution of gas and
micro-discharges were observed on the sample surface, these micro-discharges which were
smaller than those formed in the galvanostatic process. The time necessary to reach the
potentiostatic control is influenced by both the solution and the substrate. In Al-P solution,
both materials show a similar behavior (Fig. 14 c), whereas in Al-Si solution. The process on
Ti c.p takes more time to reach the definite potential, which is accompanied by an abundant

evolution of gas (Fig. 14 d).
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Figure 14. Potential-time curves for the coatings obtained applying 50 mA cm in (a) Al-P solution and (b) Al-Si solution

and current-time responses for the coatings obtained applying 400 V in (c) Al-P solution and (d) Al-Si solution. The

anodizing solution temperature is 20 °C.

Fig. 15 shows the micro-discharge appearance for both galvanostatic and potentiostatic

processes at different times for the Ti6AI4V alloy. In the galvanostatic mode, the

micro-discharge appearance is similar for all conditions. Nevertheless, in the first stages of

the process, differences in size of the micro-discharges are evidenced and they are related

with the potential-time response (Fig. 14 a,b). For the coatings formed in the Al - P solution,

the micro-discharge size is higher during the initial first stages as the highest potential value

is reached in a shorter time (Fig. 14 a). Comparing the micro-discharge appearance for both
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modes evidence that the size of the micro-discharges is largely different in both processes
after 200 s. In the galvanostatic mode, the micro-discharges increase in size until the end of
the process (Fig. 15 a). In contrast, the size of the small micro-discharges formed on the
specimen surface in the potentiostatic mode (Fig. 15 b), remains about the same but their
density increases until the process changes to potentiostatic mode. Then after, the density and
size of sparks remained unchanged despite the sharp decay of the current during

potentiostatic control stage (Fig. 14 c,d).

Top views of the coatings formed under galvanostatic and potentiostatic conditions are
shown in Fig. 16. The surface morphology of the anodic coatings obtained shows a porous
structure, which is typical of the anodic films formed under sparking. Coatings formed under
galvanostatic condition in Al - P solution show the formation of coatings with a low surface
porosity and a similar surface morphology. Nevertheless, the morphology for coatings
obtained in Al - Si solution is different for both materials. In Ti6Al4V alloy, the formation of
volcano shaped pores is evident, that modifies the coating roughness, while in Ti c.p, a lower
surface porosity is obtained and the formation of small circular pores is revealed in all
surface. The potentiostatic control during the anodizing process modifies the surface
morphology of the coatings. The porosity of the coatings is reduced in comparison with the
galvanostatic coatings and small pores are formed on the surface of the coating
homogeneously distributed on the coating surface. The morphology of the coatings obtained

under potentiostatic conditions is similar in all conditions and in both materials.
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Figure 15. Micro - discharges appearance during anodizing on Ti6Al4V alloy at the following conditions: (a) galvanostatic

coating formed at 50 mA cm in Al - Si solution, (b) potentiostatic coating formed at 400 V in Al - Si solution
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Figure 16. SEM micrographs of the coatings formed under the conditions listed in Table 4
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The surface roughness of the coatings is shown in Fig. 17. The coatings formed in
galvanostatic mode show higher roughness than the coatings obtained in potentiostatic mode,
in agreement with the SEM observation due to the formation of volcano shaped pores (Fig.
16). The highest roughness occurred in the coating produced in the Al - Si solution on
Ti6AIl4V alloy, while the smoothest surface was formed in the Al - Si solution on Ti c.p. The
coatings obtained under the potentiostatic mode exhibit similar topography roughnesses,

regardless of both the solution composition and the substrate material.
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Figure 17. Average roughness determined by profilometry of the coatings obtained in the following solution (a) Al - P

solution and (b) Al — Si solution

The cross-section micrographs of the anodic coatings obtained are shown in Fig. 18. The
SEM images show changes for the coatings regarding porosity distribution through the
coating, homogeneity and thickness. The potentiostatic coatings are thinner and denser than
the galvanostatic coatings. Moreover, potentiostatic coatings are more homogeneous in

thickness, because of the absence of large size pores. In the galvanostatic coatings, the
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formation of a duplex structure is observed (an outer porous layer and a dense inner layer).
The coatings obtained in Al - P solution reveal the formation of a higher density of voids and
pores near the coating base. The coatings with much-reduced porosity are formed on Ti c.p in

Al - Si solution due to the absence of formation of volcano-shaped pores.

Figure 19 shows the variation in thickness for all the coatings obtained. The coatings
formed under the potentiostatic mode have similar thicknesses and these are much thinner
than those produced under the galvanostatic mode. The thickness of the coatings formed
under galvanostatic conditions varied with the solution composition and the substrate; the
thinnest galvanostatic coating was formed in the Al - Si solution on Ti c.p, whose thickness is
close those thickness of the potentiostatic coatings. The thickest coating was formed with the

Al - P solution on Ti6AIl4V alloy.
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Figure 18. Cross-section SEM micrographs of the anodic coatings obtained under the conditions listed in Table 4
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Figure 19. Average coating thickness of the coatings formed in (a) Al - P solution and (b) Al - Si solution

The composition of the surface coatings was assessed by EDS and summarized in Table
5. Aluminum, incorporated mainly from the solution, is the main element in the coating.
Phosphorous, silicon, oxygen and sodium are also incorporated into the coatings, showing a
higher concentration the coatings obtained under galvanostatic conditions. The coating
contains titanium, derived from the alloy substrate, but the concentration is much lower than
that of aluminum; vanadium is not evident into the coating. EDS elemental mapping shows
the distribution of aluminum, phosphorous, oxygen, titanium and silicon in the coatings (Fig.
20). In all coatings, aluminum is mainly incorporated from the solution since it exhibits a
much higher concentration in the coating than in the substrate, showing a homogeneous
distribution through the film. Aluminum and oxygen are distributed homogeneously through
the coating, while titanium is observed in small amounts near the coating base. In the
coatings obtained with a NaH2PO- addition (Fig. 20 a), phosphorous is observed, enriched
near the coating base. For the coating obtained with a Na>SiOz addition (Fig. 20 b), silicon is
also observed in the coating, with a homogeneous distribution across. Sodium shows a
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homogeneous distribution in the coating obtained in Al-Si solution (Fig. 20b), however, in

the coating obtained in Al-P solution, sodium is not evidenced in the EDS elemental mapping

due to its low concentration in the coating below 2 %.

Table 5. Chemical composition of the main components of the anodic coatings obtained

Solution Electrical ) ) )
Material 9% Al % O % Ti % P % Si % Na
ID Parameter
Ticp 27.56 60.50 4.67 4.46 2.81
50 mA cm
Ti6Al4V  29.32 64.36 2.84 2.45 1.04
Al-P
Ticp 20.65 62.49 14.54 1.83 0.49
400 V
Ti6Al4V  23.45 64.81 10.10 1.06 0.59
Ticp 23.88 63.83 11.26 0.59 0.45
50 mA cm?
| Ti6Al4V  20.90 63.43 7.02 7.12 1.52
Al - Si
Tic.p 24.37 63.16 11.51 0.57 0.39
400 V
Ti6Al4V  11.89 67.25 15.74 4,02 1.09
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Figure 20. EDS elemental mapping for the coating obtained on Ti6Al4V alloy at 50 mA ¢cm? in the following solution (a)

Al - P solution and (b) Al - Si solution

The results of XRD (Fig. 21) for the galvanostatic coatings revealed the formation of'y -
Al>O3, a - Al203 and Al>TiOs, except for the coatings obtained in Al - Si on Ti c.p, where the
galvanostatic coating is composed mainly by y - Al2Os and Al.TiOs. Moreover, in the
coatings obtained with the addition of NaH2PO>, small amounts of NasTisO12 was identified
with the addition of 3 g It of NaH.PO; (Fig. 21 a,c) in both substrates. Mullite formation
occurred for the coating obtained in the solution with 1 g I Na2SiOs under galvanostatic
condition (Fig. 21d) only in the coating obtained on Ti6Al4V alloy. The potentiostatic

coatings consisted of Al>TiOs and y-Al203 in minor proportion for all conditions.
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Figure 21. XRD patterns of coatings obtained on Ti c.p in (a) Al - P solution and (b) Al-Si solution and XRD patterns of the

coatings obtained on Ti6AI4V alloy in (c) Al-P solution and (d) Al-Si solution

Figure 22 (a) presents typical results from friction measurements in the pin-on-disc

tribological tests; the examples displayed are for coatings formed in the aluminate solution

containing 3 g I'* of NaH2PO- using either the galvanostatic mode or the potentiostatic mode.

The results are compared with the measurement of the friction coefficient for the
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non-anodized alloy. All of the coatings in the present study revealed similar values of the

friction coefficient, which were in the range 0.4 to 0.6, despite the differences in the coating

roughness (Fig. 22b). The wear rates of the coatings obtained from the measurements of the

weight losses of the samples following the wear tests are shown in Fig. 23. In general, the

coatings formed under the potentiostatic conditions exhibited much lower wear rates than the

respective coatings formed galvanostatically. The coatings grown in solutions with the

addition of Na»SiOs produced the lowest wear rate than those obtained in solutions with

NaH2PO. and coatings formed on Ti6Al4V alloy has lower wear rates than the coatings

obtained on Ti c.p. All of the coatings revealed higher wear resistance than the bare substrate

(wear rate of the substrate is 38.18 x 10° Kg/N.m for Ti6Al4V alloy and 41.08 x 10° Kg/N.m

for Ti c.p under the same wear conditions), by factors between 2 to 100 times.
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Figure 22. (a) Friction coefficient record for the coatings formed in the Al - P solution on Ti6Al4V alloy and (b) Average

friction coefficient in the stable regime zone
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Figure 23. Wear rates of the coatings formed under the conditions listed in Table 4 in (a) Al - P solution and (b) Al - Si

solution

SEM micrographs of the wear tracks after the wear tests are shown in Fig. 24. Adhesive
wear and spalling are the main mechanisms of degradation for all the coatings. Among the
coatings obtained under galvanostatic conditions, less surface damage occurs for the coating
obtained in the solution with 1 gl Na;SiOs (Figs. 24 c-d) than in one with the additions with
NaH2PO: (Figs. 24 a-b). All of the coatings formed under the potentiostatic condition also
show degradation due to adhesive wear and spalling, the surface damage is lower than for
galvanostatically formed coatings; that especially true for those obtained in Al-Si solution
(Figs. 24 e-f). Adhesion of particles from the counter-body was evidenced by EDS elemental
mapping as shown in Fig. 24g, which shows the presence of iron in the wear track.
Furthermore, the SEM images reveal that the tribological tests were stopped before reaching
the substrate, indicating that the calculated wear rate is only for the coating. All the coatings
obtained on Ti c.p exhibit the same wear mechanisms; therefore, the SEM images of the wear

tracks on Ti6Al4V alloy are displayed as examples for all the coatings.
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Figure 24. Wear tracks in the coatings obtained under the following conditions: a-b) at 50 mA c¢cm2 on Ti c.p in the Al - P
solution, c-d) at 50 mA cm on Ti6Al4V alloy in the Al - Si solution, e-f) at 400 V on Ti6Al4V alloy in Al - Si solution and
g) EDS elemental mapping of the wear track of the coating formed at 400 V on Ti6AI4V alloy in Al - Si solution (Fig. 9e)
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Bode diagrams obtained from EIS measurement are displayed in Fig. 25. Bode diagrams
show two capacitive loops, indicating of a coating consisting of a dense inner layer and a
porous outer layer as has been indicated in the SEM cross-sections and also by other authors
[46], [135]. According to the literature reports, the first capacitive loop corresponds to the
porous layer and the second to both the inner layer and the relaxation of the electrical double
layer. The relaxation processes of both the inner layer and the electrical double layer have
similar values of time constant so that only one capacitive loop at low frequencies appears in
the impedance diagram [116]. Coatings obtained under potentiostatic conditions showed a
slight increase in the real impedance values compared to the coatings under galvanostatic
conditions, indicating a better corrosion protection. Similarly, coatings obtained in the Al - Si
solution exhibited a higher resistance than the other coatings, especially the coatings
obtained on Ti c.p (Fig. 25d). Bode diagrams exhibited changes mainly in the time constant
related to the porous layers for the coatings obtained on Ti6Al4V alloy (Figs. 25 a-b), while
for the coatings formed on Ti, there are changes in time constants of both the outer and the
inner layer of the coating obtained in Al-P solution (Fig. 25c). For the coating obtained in
Al-Si solution, the time constants do not show changes in the anodizing parameters evaluated
(Fig. 25d). EIS results were analyzed using the equivalent circuit that has been described in
the previous chapter. In the equivalent circuit, constant phase elements (CPE) were used for
simulation of the experimental results. The effective capacitances were then calculated from
the parameters of the CPE as reported by Hirschorn et al [68]. Results of the fitting are shown
in Table 6; where Ry, is the porous layer resistance, Ry is the inner layer resistance, Ry is the
charge transfer resistance, Cp is the capacitance of the porous layer, Cy, is the capacitance of

the inner layer, Cqc is the capacitance of the electrical double layer and n is one of the
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parameters of the CPE. Bode diagrams in Fig. 25 show a good correlation between

experimental and simulated data (see goodness of fit values in Table 6). In general, higher

layer resistances and lower capacitances were observed for coatings formed under the

potentiostatic mode and for coatings obtained on Ti c.p in the solution with addition of

NazSiOs.
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Figure 25. Bode spectra for the coatings obtained on Ti6Al4V alloy in (a) Al-P solution and (b) Al-Si solution and Bode

spectra for the coatings obtained on Ti c.p in (c) Al-P solution and (d) Al-Si solution
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Table 6. Electrical parameters of the coatings obtained by the fitting of the EIS experimental results

Electrical parameter provided by the EIS fitting

Electrical
Solution 1D Material Ry Ry Ry Cp Co Cuc Zi=0.005 Goodness
parameter Ny Ny
(KQcm?)  (MQcm?) MQcm?)  (uF cm?) (uF cm?) (uFem?)  (KQcm?)  of fitx 10°
Tic.p 0.80 251 0.46 0.08 0.98 5.46 0.93 18.34 205.05 1.93
50 mA cm?
Ti6AI4V 4.90 1.22 0.21 0.07 0.78 6.17 0.74 22.54 121.75 1.29
Al -P
Ticp 17.81 31.86 4.50 0.07 0.83 0.04 0.73 7.33 800.15 5.92
400 V
Ti6AI4V 20.79 26.10 3.67 0.05 0.78 3.54 0.74 16.52 329.64 1.29
Tic.p 21.31 606.75 13.16 1.02 0.98 2.04 0.52 11.34 1011.90 0.99
50 mA cm’?
Ti6AI4V 5.41 15.63 15.10 3.05 0.77 13.97 0.70 21.18 223.86 0.23
Al -Si
Tic.p 25.29 764.52 42.56 0.02 0.98 0.02 0.51 6.58 1249.18 1.35
400 V
Ti6Al4V 32.49 21.06 26.54 0.03 0.81 3.97 0.63 10.70 431.73 0.46

2.4. Discussion

The coatings 