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Abstract: A laser-induced oxidation method for the formation of a TiO2 layer on a Ti substrate was used. The TiO2 phase can be controlled 

by an Nd:YAG laser with fundamental frequency at an intensity I = 52.8 MW/cm2 and three different doses. Dose 

D1 = 3.1x1020 phot/cm2 forms a TiO2 layer in the anatase phase, which possesses the highest photocatalytic, antibacterial and adhesion 

properties. As the laser dose increases, the TiO2 layer thickness increases from 40 nm to 100 nm, but the photocatalytic decomposition 

reaction constant decreases. The observed super-linear increase of the TiO2 layer thickness with the laser dose is explained by the presence 

of positive feedback during the irradiation process. The temperature rises with increasing of the thickness due to the interference-caused 

decrease of the reflection coefficient. As the thickness increases, TiO2 on Ti structure adhesion decreases from 800 mN to 400 mN due to the 

formation of a layer with a mixture of phases.  
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1. Introduction 
Titanium (Ti) and its alloys boast excellent properties, including 

high corrosion resistance and an optimal balance of strength and 

ductility.  

In particular, titanium dioxide in the form of powder or thin 

coatings has attracted attention in space applications due to its high 

chemical and radiation resistance, ability to protect surfaces from 

corrosion and ionizing radiation, as well as photocatalytic properties 

that can reduce contamination accumulation and improve the 

durability of materials in outer space conditions [1, 2]. Recently, 

their use has also been extended to biomedical applications, such as 

implants, due to their low allergenicity and high compatibility with 

bone tissue [3, 4]. Titanium (Ti) is coated with a layer of titanium 

dioxide (TiO₂ ), and its alloys are increased in corrosion resistance 

and biocompatibility. Photocatalytic activity is provided, and the 

material's radiation resistance is increased, which is especially 

important for use in space conditions [5 - 8]. TiO2 has various 

polymorphic phases, including rutile, anatase, and brookite. On 

the macroscopic scale, rutile is thermodynamically more stable than 

the other two phases due to its smaller Gibbs free energy [9]. 

Moreover, an anatase layer on a Ti implant improves its 

compatibility with bone [5, 6, 10]. Furthermore, anatase and 

composites of anatase + rutile and anatase + brookite exhibit high 

levels of photocatalytic activity [11, 12]. Thermal oxidation in a gas 

atmosphere is a simple and economical method to synthesize a 

TiO2 layer on Ti. TiO2 layers synthesized by 

thermal oxidation adhere well to Ti substrates. In addition, thermal 

oxidation can be used for Ti substrates with complex geometries. 

Many reports have examined the formation of the rutile phase by 

thermal oxidation of Ti [13]. 

The anatase phase of TiO2 is preferable for use in medicine owing 

to its antibacterial property [3-8]. Additionally, it is the preferred 

phase for photocatalytic processes such as hydrogen generation at 

water dissolution [14] and organic molecules disrupting in water or 

air [15]. On the other hand, TiO2 in the rutile phase is preferable for 

use in optoelectronics devices such as UV photodetectors [16] and 

UV light sources [17]. Such strong application-dependent 

preferences are due to the different physical properties. First, the 

band structure is phase dependent. A TiO2 crystal is an indirect 

semiconductor in the anatase phase, but it is a direct one in the rutile 

phase [18]. Therefore, the absorption coefficient of a TiO2 crystal in 

the anatase phase is somewhat lower than that in the rutile phase in 

the range of 3 to 5 eV [19]. Second, the electron lifetime in the 

anatase phase of a TiO2 crystal is 100-times higher than that in the 

rutile phase, which leads to different chemical and biological 

activities. For example, the anatase phase has better photocatalytic 

properties than the rutile one. Specifically, the anatase phase has a 

100-times larger bipolar diffusion length [18], [20]. Due to the long 

lifetime of electrons in the anatase phase (greater than1 µs), 

the electron diffusion reaches lengths of more than 10 µm, which 

are much longer than those in the rutile phase (100 nm) [20]. 

Claus Hammerl et al. [21] and Elver Juan De Dios Mitma Pillaca et 

al. [22] used high-fluence oxygen ion implantation to demonstrate 

the formation of a TiO2 layer consisting of α-, -, δ-TiO, rutile 

TiO2, and Ti3O5 on a Ti substrate. Unfortunately, these methods do 

not form the anatase phase. Moreover, they cannot control the 

anatase/rutile phase ratio, which is a very important parameter 

for photocatalysis, environment purification, etc. To date, laser 

technology is not often employed in such fine processes as the 

phase transformation from rutile to anatase [23] or color 

center formation [24]. One exception is a study where the fourth 

harmonic of Nd:YAG laser was used for formation of black 

TiO2 after irradiating a TiO2 suspended solution [25]. 

The XRD patterns suggest that the anatase phase of TiO2 tends to 

transform into the rutile phase under a relatively high dose of laser 

radiation because the rutile phase is more stable at high 

temperatures and high pressures induced by pulsed laser irradiation. 

However, an opposite result, where the rutile phase transforms into 

the anatase one when irradiating a TiO2 single crystal by a 

femtosecond Ti cor laser under ablation condition, was reported 

in [26]. Crystals smaller than 50 nm tend to be in the anatase phase, 

whereas those larger than 50 nm tend to be in the rutile phase. This 

phenomenon can be explained by the high pressure produced by 

a femtosecond laser pulse, although theoretical 

calculations [9] indicate that the anatase phase is more stable at low 

pressure. Very often CO2 laser radiation is used for annealing after 

TiO2 layer deposition by the sol–gel method [27] or electron 

beam evaporation at 200 °C on glass [28]. In these cases, laser 

radiation is similar to annealing in a furnace. In paper [29], 

spherical TiO2 nanoparticles with diameters 4–35 nm were formed 

by pulsed laser (λ = 1064 nm) ablation of Ti target in water. An 

advantage of this method is a narrow range of size distribution 

of nanoparticles, but a disadvantage is their conglomeration. In 

paper [30], the possibility to transform white TiO2 to black 

TiO2 nanoparticles using Nd:YAG laser radiation (λ = 532 nm) in 

water was shown. At the same time, the phase transformation from 

anatase to rutile takes place. Therefore, such a TiO2 powder can be 

used in optoelectronics, but, as a photocatalytic, it exhibits low 

activity [18,  19] due to the decrease of optical band gap and 

lifetime of electron-hole pairs. Advantages of this method are low 

cost and limited usage of toxic reagents. In 
paper [31], photocatalytic water splitting of TiO2 colloids after an 

irradiation by nanosecond laser (λ = 532 nm) was studied. It was 

shown that the efficiency of hydrogen production increases up to a 

factor of three due to some structural changes in these colloids. This 

is an unusual effect, since a phase change from anatase towards 

rutile was also observed, but the efficiency of rutile is known to be 
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lower than that of the anatase [32]. In paper [33], TiO2 layer on 

glass was prepared by spin–coating 

technique using nanopowder P25. The structure was irradiated by 

Nd:YAG laser (λ = 266 nm) at intensity I = 7.1 MW/cm2 followed 

by a thermal annealing in air for 1 h at T = 450⁰ C. The irradiation 

of the structure has led to a transformation of TiO2 layer from 

anatase to rutile phase, as in the case of annealing in furnace [34]. 

As a result of this treatment, the TiO2 layer became dark. The 

authors have explained this effect by a decreasing of size of TiO2 

particles. This effect can be more plausibly explained by a surface 

oxygen depletion, because TiO2 becomes dark when it is 

transformed into TiOx , and the same effect of black TiOx synthesis 

in water by a laser-based method was observed in papers [7], [35]. 

Irradiation of Ti foil by Nd:YAG laser in water [36] leads to 

formation of a nanoporous black TiOx. Analysis of surface 

morphology has shown a certain dependence of surface structure on 

intensity and number of the pulses. Thus, cracks appeared on 

the irradiated surface of TiOx at low intensities and small number of 

laser pulses, whereas pits were formed at intensities above 

300 MW/cm2. The specific accumulated fluence for formation 

of nanopores is about 100 J/cm2. The enhancement of the quantum 

photocatalytic efficiency of TiOx/Ti/PtNps structure formed by 

Nd:YAG laser radiation in water is explained as an effect of 

electron scavenging by the Pt nanoparticles [37]. Advantages of 

such a technology are its economy, stability, abundance, non-

toxicity and high quantum photocatalytical efficiency. In distinction 

from the reviewed here laser-based methods, we have examined a 

possibility to form TiO2 layer on Ti substrate directly by a laser 

oxidation of Ti plate in air. Because this laser technology is 

relatively simple, quick, and environmentally friendly, the 

formation of TiO2 by laser oxidation has a great potential for 

practical applications. The aim of this study is to demonstrate that 

the phase of TiO2 layer formed on a Ti substrate by laser oxidation 

method, can be controlled by irradiation intensity and dose. 

2. Experimental 

2.1. Laser-induced oxidation method 

Prior to the experiments, a pure titanium plate was cut into samples 

with dimensions about 40.0 × 15.0 × 0.3 mm3. These samples were 

washed in isopropyl alcohol via an ultrasonic bath and then dried 

under a dry air flow. TiO2 thin films on Ti substrates were formed 

by a laser irradiation method using pulsed Nd:YAG laser radiation 

(λ = 1064 nm, pulse duration τ = 6 ns, with I = 52.8 MW/cm2). 

Scanning of the laser beam was performed normally to the Ti 

surface with the different hatch spacing distances 700 µm, 550 µm 

and 400 µm resulted in different doses applied on the Ti surfaces: 

D1 = 3.1x1020 phot/cm2, D2 = 3.9x1020 phot/cm2, or 

D3 = 5.4x1020 phot/cm2, respectively at constant scanning speeds of 

the laser (v = 1 mm/s). The laser beam diameter was 6 mm. Optical 

microscope images of TiO2/Ti structure after irradiation by the laser 

are shown in Fig.1. Experiments were performed under an 

atmospheric pressure of 1 atm at 20 °C and 60% humidity. Kinetics 

of methyl orange photo degradation by TiO
2
 formed by laser 

radiation on Ti substrate with doses D1, D2, D3 are shown in Fig.2. 

2.2. Sample characterization 

A Raman back scattering spectra identified the phase structure of 

the TiO2/Ti samples after laser irradiation with doses D1, D2, and 

D3 are shown in Fig. 3. 

 

Fig. 1. Optical microscope image of TiO2/Ti structure after irradiation by the laser doses D1, D2, and D3 at laser intensity 52.8 MW/cm2. 

Irradiating with doses D1, D2, and D3 form a 40-nm, 70-nm, and 

100-nm thick TiO
2
 thin film, respectively.  

The Raman spectra were measured by a Renishaw InVia90V727 

micro-Raman spectrometer with a He-Ne red laser excitation at 

λ = 633 nm. The Raman spectra of Ti in the spectral range of 

100 cm−1 – 1000 cm−1 after laser irradiation with different doses 

(Fig. 4) were used for the phase determination.  

 
Fig.2. Kinetics of methyl orange photo degradation by TiO

2
 formed 

by laser radiation on Ti substrate with doses: D1 – pink curve, D2 – 

blue curve, and D3 – red curve, at laser intensity 52.8 MW/cm
2

. 
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Fig. 3. Raman spectra of TiO2 thin film on Ti plate formed by the 

laser radiation with doses D1, D2 and D3. 

 

2.3. Testing of the photocatalytic properties 

The photocatalytic TiO2 layer properties were evaluated by the 

bleaching of a methylene orange (MO) solution with a 

concentration of 10 mg/L under UV-A irradiation. Each sample was 

placed in a beaker and 20 mL of the MO solution was poured over 

the top. To minimize evaporation, a PS plate was placed on top of 

the beaker. The samples were then irradiated with a 125-W mercury 

vapor lamp (365-nm peak wavelength) at a distance of 10 cm. To 

ensure that the lamp did not heat up the samples, a constant air flow 

was supplied and the temperature was monitored throughout the 

experiment. After each hour, 1 mL of the MO solution was 

extracted to determine the concentration via UV/V is spectroscopy 

(ThermoScientific, Genesys 10S). After the measurement, the 

aliquot was returned to the test beaker. Fig. 2 plots the kinetics of 

MO photodegradation by the samples. 

2.4. Scratching method to study TiO2 on Ti adhesion 

The resistance to delamination was investigated by the scratching 

method (CSM Micro-Combi Tester) using a conical diamond 

indenter (Rockwell). The scratch force on the scanning indenter was 

gradually increased from 10 mN to 3.0 N. Fig. 4 shows the critical 

loads of delamination of TiO2 thin film on Ti for samples D1, D2 

and D3. 

 

Fig. 4.  Critical load of the sample’s delamination. 

Increasing of the thickness causes a decrease of TiO2/Ti structure 

adhesion (critical delamination force) from 800 mN for D1 to 400 

mN for D3 due to the formation of a nonhomogeneous TiO2 layer. 

 

        3. Results and discussion 
In this study, the impact of the laser radiation on the surface 

morphology was examined. Irradiating neither does affect the 

surface smoothness and uniformity nor does form defects or cracks. 

However, the Ti samples turn dark blue (Fig. 1) after the irradiation 

by Nd:YAG laser. This change of color is connected to the 

increased thickness of TiO2 layer, modifying the picture of 

interference. Irradiating with doses D1, D2, and D3 form a 40-nm, 

70-nm, and 100-nm thick TiO2 thin film, respectively. 

According to the MO bleaching experiment (Fig. 2), the first order 

reaction constants are 3.2 × 10-4 min−1, 1.1 × 10-4 min−1, and 

8.0 × 10-5 min−1 for laser doses D1, D2, and D3, respectively. The 

D1 dose yields the highest decomposition ratio, while the sample 

treated using the D3 dose has the lowest decomposition ratio. This 

can be explained by the decrease in the TiO2 anatase phase as the 

laser dose increases. 

The analysis of XRD patterns revealed the formation of TiO, Ti2O3, 

anatase TiO2 and very small amounts of rutile TiO2 depending on 

irradiation dose. The most intensive peaks are attributed to Ti, 

which was observed due to substrate. The most intensive anatase 

peak is (1 0 1) at 25.3° which was observed after D1 irradiation 

only. The anatase peak disappeared after irradiation by D2 and D3 

doses and peaks of Ti2O3 compound became weaker with higher 

irradiation dose as well. Meanwhile, the intensity of TiO peaks 

increased with irradiation dose. The simultaneous presence of two 

phases, as shown in Fig. 3, indicates a TiO2 heterostructure, having 

better photocatalytic properties in comparison with the pure anatase 

or rutile phases, as shown in [11, 12]. 

The phases change dependence on irradiation dose were evaluated 

by applying Rietveld deconvolution. The results showed that 

TiO2 anatase (which was fixed after D1 irradiation only) constitute 

about 1.6%. The tendencies showed that the amount of TiO 

increased from approximately 1.4% to 6.3%, while the amount of 

Ti2O3 compound decreased from approximately 7.3% to 2.8% after 

the irradiation doses D1 and D3 respectively. The rutile peaks were 

not included in these calculations due to very weak intensities. The 

amounts of Ti and O compounds detected are relatively small due to 

the effect of bulk Ti substrate. 

Fig.3 shows the Raman spectra of the three samples after the D1, 

D2, and D3 doses. The Raman active modes at 148 cm−1, 238 cm−1, 

445 cm−1, 610 cm−1, and 829 cm−1 are associated with rutile single 

crystals, according to [38, 39]. An important property of the anatase 

and rutile phases in the Raman spectra is the ratio between the band 

at 148 cm−1 and the band at 610 cm−1. For the anatase phase, the 

ratio is greater than one, but is less than one for the rutile 

phase [40]. In our experiments, after the D1 dose, this ratio is ~ 6, 

suggesting the presence of the anatase phase. However, the Raman 

spectrum changes after the D2 and D3 doses. The ratio of bands 

decreases and a new band appears at 232 cm−1, which may be 

associated with the rutile phase and the increased laser dose. The 

small regular peaks in regions of 150 cm−1 – 300 cm−1 and 

500 cm−1 – 700 cm−1 are related to the disorder induced scattering 

or second order processes [41] 

 

. 4. Conclusions  
In this paper, the laser oxidation of Ti plate has been investigated. 

The thickness of TiO2 layer increases from 40 nm to 100 nm with 

the laser dose. A positive feedback during the irradiation process is 

observed: the temperature rises with the increase in the thickness of 

the TiO2 layer due to the interference-caused decrease of the 

reflection coefficient. The thickness of TiO2/Ti layer rises by 

increasing the laser irradiation dose from D1 to D3, but adhesion 

(critical delamination force) of the TiO2/Ti structure reduces from 

800 mN for D1 to 400 mN for D3 due to the formation of a 

nonhomogeneous TiO2 layer at doses D2 and D3. This behavior can 

be explained by mixing of the phases in TiO2 layer. At D1, the 

TiO2 layer is mostly in the anatase phase. However, at D2 and D3, 

the TiO2 layer partially transforms into the rutile phase. This 
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transformation, at least partly, can be explained by the rise of the 

maximal temperature in the TiO2 layer at larger doses, as suggested 

by our calculations, based on the modified Wagner oxidation 

model. It can be also explained by the deficit of O atoms deeper 

than 50 nm in Ti substrate at doses D2 and D3 due to the low 
diffusion of O atoms in Ti. 
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