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Abstract: Spectroscopic ellipsometry was applied to study the optical properties of Ti–6Al–4V alloy before and after anodization in 

acetic acid electrolyte.  The main findings can be summarized as follows: The ellipsometric spectra of the uncoated alloy were successfully 

modeled using a multi-Lorentz oscillator approach with MSE values of 20–26, and surface roughness ranging from 17 to 52 nm. Anodized 

surfaces exhibited distinct interference features, confirming the formation of a transparent oxide layer. The optical modeling revealed 

increased surface roughness and modified optical constants due to the formation of a TiO₂ -based film with amorphous–anatase character. 

The applied ellipsometric methodology proved reliable for evaluating the thickness and optical properties of anodic oxide films on titanium 

alloys. These results form the basis for future quantitative analysis of anodic oxide thickness and refractive index as functions of anodizing 

parameters, which is important for optimizing the surface properties of titanium alloys in biomedical, protective, and optical applications. 
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1. Introduction 
 

In recent decades, titanium and its alloys (Ti-6Al-4V and 

others) have gained significant importance as high-quality metallic 

materials, applicable in various fields [1-6]: chemical production, 

oil refining industry, medicine, energy, automotive engineering, 

shipbuilding, aerospace engineering and many others. This trend is 

due to the presence of a number of suitable basic characteristics: 

high specific strength, low density, high ratio strength/weight, 

excellent corrosion resistance, good biocompatibility, etc. [1,3,6]. 

At the same time, when compared with some traditional metals for 

modern mechanical engineering (aluminum, steel or others), 

titanium alloys exhibit a tendency to thermal softening (at high 

temperatures), low plastic shear resistance and a specific and 

complex deformation mechanism in extreme and dynamic 

environments [1-4]. These main disadvantages, as well as the 

presence of low volume specific heat and low thermal conductivity, 

complicate the conditions of machining and cutting (of titanium 

alloys) and cause the risk of accelerated depreciation of the standard 

metal-cutting tools used [1,4]. A significant critical operational 

disadvantage of titanium alloys is their tribological characteristics, 

which limit their wear resistance and the possibilities for application 

in the production of machine parts exposed to intense sliding, 

abrasive or impact  [3,6]. Strong adhesion wear, high frictional 

coefficient and low abrasion resistance are unfavorable 

characteristics observed in titanium alloys [4,6]. 

In this aspect, the application of alternative innovative 

production methods for effective and cost-effective processing of 

titanium alloys is of significant interest. The development of various 

technological solutions based on the concept of additive 

manufacturing (AM) is considered a current and promising 

approach [2,7-10]. 

Titanium alloys are characterized by a lower elastic modulus 

(compared to a number of traditional alloys), which favors their 

successful application in modern orthopedics [3,6]. Using AM 

technological approaches, methods have been developed for 

obtaining high-quality biocompatible and non-toxic personalized 

implants, applicable as suitable substitutes for supporting hard 

tissues [11-14]. The resulting diverse products are suitable for 

fracture therapy and osteoplasty. Various modifications of titanium 

alloy implants (mainly Ti-6Al-4V and others), prepared by selective 

laser melting (SLM), favor effective osseointegration between the 

implant and the adjacent bone tissue [15-17]. 

Improving the surface characteristics of titanium alloys is a top 

priority, ensuring a significant increase in their service life and 

long-lasting and enhanced functionality of the products, especially 

in aggressive and intensive working environments (with the 

presence of high-stress settings and high-wear) [1,4]. Effective 

options for targeted change and modification of the surface 

properties of technical details made of titanium alloys are the 

application of appropriate surface coatings (ceramic, amorphous 

and others), alloying as well as various lubrication techniques [6]. 

In this aspect, various technological approaches are used: 

chemical vapor deposition (CVD), physical vapor deposition 

(PVD), plasma spraying technique, sol-gel method and a number of 

others [18-26]. Experimental developments have been implemented 

for the deposition (on titanium alloys) of various thin coatings (with 

a diverse structure) [6,18,21,23,26]: oxides (Al2O3, SiO2, TiO2 and 

others), TiN, SiC, diamond-like carbon (DLC), smooth diamond 

coatings and others. 

The functional characteristics of thin films (SiO2, TiO2 and 

others) obtained by the sol-gel method on Ti-6Al-4V surfaces have 

been studied. The role of the used technological regime, the 

specificity of the compositions and the preliminary preparation of 

the metal surface on the morphology, thickness and homogeneity of 

the obtained coatings and their physicochemical, strength, adhesion 

and tribological properties has been analyzed [27,28]. 

To study the phase composition, structure, micromorphology, 

optical and other indicators of experimental samples (obtained by 

various technological methods), various laboratory techniques for 

analysis are used. Of particular interest are the analytical 

capabilities of some laboratory methods for studying thin films and 

multilayer coatings deposited on various materials [29-33]. 

Modern spectral ellipsometry is considered a particularly 

promising method, allowing optical characterization of thin and 

ultra-thin films [34]. Ellipsometry is a highly sensitive non-

destructive optical method for studying the properties of surfaces by 

determining the change in the polarization of light upon interaction 

with various systems [35,36]. The ellipsometric method does not 

require the provision of a vacuum environment and special 

preliminary preparation of the samples, unlike other techniques (for 

laboratory analysis) of surfaces. 

The method is widely used for studying various systems and 

processes in carrying out fundamental and applied research in 

various scientific fields [37-42]: materials science, physics, 

chemistry, microelectronics, biology, medicine and a number of 

others. At the same time, ellipsometry is applicable as a standard 

routine method for technological control in modern industry 

(microelectronics, optoelectronics and a number of others) [35,43]. 

Ellipsometry is not a direct experimental method. The results 

obtained are based on the technical capabilities of the equipment 

and the formalisms and algorithms used for the interpretation of the 

primary ellipsometric data [34,36]. The physical characteristics of 

the studied objects are established from the experimental data by 

solving the inverse ellipsometric problem by determining some 

basic parameters of the model system (approximating the real 
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system), when the optical response of the real system is registered 

[43]. 

The main objective of the present work is to study, using 

spectral ellipsometry methods, the optical characteristics of thin 

functional coatings deposited on titanium alloy (Ti-6Al-4V) metal 

samples. 

 

2. Experimental procedure 
2.1. Sample preparation 

 

The investigated samples were cylindrical specimens made of 

Ti–6Al–4V alloy (grade 5 titanium) with dimensions of 10 × 15 

mm. The nominal chemical composition of the alloy was Ti – 88.6 

wt.%, Al – 6 wt.%, V – 4 wt.%, Fe – 0.25 wt.%, O – 0.20 wt.%, C – 

0.08 wt.%, N – 0.05 wt.%, and H – 0.025 wt.%. 

Prior to anodization, the samples were mechanically polished to 

obtain a mirror-like surface. Grinding was performed sequentially 

using SiC abrasive papers of grades P600, P800, P1000 and P1200. 

The polished specimens were ultrasonically cleaned in a 2% 

aqueous solution of Decon 90 detergent for 5 min, rinsed with 

distilled water, degreased with organic solvents (1,2-dichloroethane 

and acetone), rinsed again with ethanol, and air-dried. Immediately 

before anodization, the samples were slightly etched to remove 

residual surface oxides and to ensure uniform surface activity. 

 

2.2. Anodization process 

The anodization of the titanium alloy was carried out in an 

acetic acid electrolyte (0.4–1.0 M CH₃ COOH) at a temperature of 

20–30 °C. A stainless-steel plate (304L) was used as the cathode. 

The anodizing voltage was varied from 15 to 100 V, with the 

current density controlled in the range 0–5 A. The anodization 

parameters were selected to achieve oxide films of various 

thicknesses and interference colors. The electrochemical process 

resulted in the formation of a compact TiO₂ -based oxide layer on 

the Ti–6Al–4V surface, improving its corrosion resistance, wear 

resistance, and biocompatibility. 

 

2.3. Ellipsometric measurements 

Spectroscopic ellipsometry was performed in the wavelength 

range of 0.2–1.0 μm, corresponding to the operating spectral range 

of the ellipsometer. Measurements were taken at several angles of 

incidence on two arbitrary regions of each cylindrical sample, 

denoted as ―Side 1‖ and ―Side 2.‖ Since the surfaces were not pre-

marked, the exact same positions could not be re-measured. 

The ellipsometric parameters Ψ (Psi) and Δ (Delta) were 

recorded for both uncoated (clear) and anodized samples. The 

experimental data were analyzed using Lorentz-type dispersion 

models available in the instrument software. The optical response of 

the Ti–6Al–4V alloy was modeled using a multilayer structure 

consisting of an ambient/roughness layer (effective medium 

approximation) and a bulk metallic substrate represented by several 

Lorentz oscillators. 

Reference optical constants of pure titanium were taken from 

literature sources [Palm et al., ACS Photonics 5, 4677 (2018); 

Johnson & Christy, Phys. Rev. B 9, 5056 (1974); Werner et al., J. 

Phys. Chem. Ref. Data 38, 1013 (2009)]. Significant discrepancies 

were observed between the datasets, attributed to differences in 

material purity, crystal structure, and measurement techniques. For 

comparison, optical constants of aluminum reported by McPeak et 

al. (2015), Rakić (1995), and Cheng et al. (2016) were also 

analyzed, showing more consistent spectral trends / Figureя 1, 2/. 

2.4. Data modeling and fitting 

The fitting of the ellipsometric data was performed by 

minimizing the mean squared error (MSE) between the 

experimental and model-generated Ψ and Δ spectra. For the 

uncoated Ti–6Al–4V surfaces, MSE values of 20–26 were obtained, 

indicating reasonable agreement between experiment and model. 

The surface roughness, derived from the effective medium 

approximation, ranged between 17 and 52 nm depending on the 

analyzed region. 

The optical model included up to five Lorentz oscillators 

representing interband transitions, with parameters such as 

amplitude (A), broadening (Br), and resonance energy (En). A small 

angular offset correction (0.7–2.5°) was applied during fitting. A 

reference silicon wafer was used for calibration, yielding MSE = 1.1 

and a native oxide thickness of 1.73 nm, confirming the high 

accuracy of the instrument and reliability of the measurement 

procedure. 

 

 
Figure 1. Optical constants of titanium (Ti) in the range 0.2 

– 1.0 μm (the working range of the ellipsometer) 

 
Figure 2. Optical constants of titanium (Ti) in the range 0.2 

– 1.0 μm (the working range of the ellipsometer) 

 

 

3. Results and discussion 
3.1. Optical constants of Ti–6Al–4V alloy 

To interpret the ellipsometric data properly, a comparison with 

literature values for pure titanium was made. Figure 1 shows the 

spectral dependence of the refractive index (n) and extinction 

coefficient (k) in the 0.2–1.0 μm range, based on different sources. 

As can be seen, the datasets vary considerably in magnitude and 

shape due to differences in material purity, phase composition (α or 

β-Ti), and measurement methodology. Since the studied alloy 

contains aluminum and vanadium, deviations from the optical 

response of pure titanium are expected. 

3.2. Ellipsometric spectra of uncoated surfaces 

Figure 3 presents the Ψ and Δ spectra for the uncoated Ti–6Al–

4V alloy. Both examined regions (Side 1 and Side 2) show similar 

trends, with minor quantitative differences attributed to surface 

inhomogeneity and polishing-induced microtexture variations. The 

Lorentz model provided acceptable fits with MSE values between 

20 and 26. The estimated roughness (17–52 nm) corresponds to 

mechanically polished metallic surfaces, consistent with the surface 

morphology observed visually. 
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Figure 3. Ellipsometric angle spectra (Psi and Delta) of the ―pure‖ 

(Ti64) sample 

 

3.3. Ellipsometric spectra of anodized surfaces 

After anodization, the Ψ and Δ spectra exhibit pronounced 

interference fringes (Fig. 4), typical of thin dielectric films. These 

oscillations indicate the formation of a transparent TiO₂ -based 

oxide layer. Increasing the anodizing voltage led to a red-shift of the 

interference extrema, corresponding to an increase in film thickness. 

This effect also correlates with the visually observed color changes 

of the anodized samples—from yellowish to blue-violet—caused by 

optical interference in the oxide film. 

 

 
Figure 4. Spectra of the ellipsometric angles (Psi and Delta) of 

the anodized sample 

 

 

3.4. Modeling and interpretation 

The anodized surfaces were modeled using a four-layer 

structure consisting of: 

1. ambient (air), 

2. surface roughness layer (effective medium 

approximation), 

3. oxide layer (TiO₂ ), 

4. metallic substrate (Ti–6Al–4V). 

The best fits were obtained using 4–5 Lorentz oscillators 

describing interband transitions at energies between 1.7 and 6.0 eV. 

The obtained angular offset (0.7–2.5°) indicates good consistency 

between the measured and simulated data. The roughness values for 

anodized surfaces were higher than for the uncoated alloy, which is 

consistent with the porous microstructure of the anodic oxide. 

The spectral behavior and model parameters suggest that the 

anodic film possesses an amorphous–anatase structure with an 

estimated thickness ranging from tens to several hundred 

nanometers, depending on the applied anodizing voltage. 

3.5. Reference measurement and comparison 

A reference measurement on a Si wafer with a native oxide 

layer confirmed the accuracy of the ellipsometric method (MSE = 

1.1; oxide thickness = 1.73 nm). Comparison of the obtained optical 

parameters with literature data for pure titanium and aluminum 

showed that, although the absolute values differ, the overall spectral 

behavior and characteristic trends are consistent. This supports the 

validity of the measured data and the applied modeling approach. 

 

4. Conclusion 
Spectroscopic ellipsometry was applied to study the optical 

properties of Ti–6Al–4V alloy before and after anodization in acetic 

acid electrolyte. 

The main findings can be summarized as follows: 

 The ellipsometric spectra of the uncoated alloy 

were successfully modeled using a multi-Lorentz 

oscillator approach with MSE values of 20–26, and 

surface roughness ranging from 17 to 52 nm. 

 Anodized surfaces exhibited distinct 

interference features, confirming the formation of a 

transparent oxide layer. 

 The optical modeling revealed increased surface 

roughness and modified optical constants due to the 

formation of a TiO₂ -based film with amorphous–anatase 

character. 

 The applied ellipsometric methodology proved 

reliable for evaluating the thickness and optical properties 

of anodic oxide films on titanium alloys. 

These results form the basis for future quantitative analysis of 

anodic oxide thickness and refractive index as functions of 

anodizing parameters, which is important for optimizing the surface 

properties of titanium alloys in biomedical, protective, and optical 

applications. 
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