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Abstract: The emission spectrum of the ZrO2–TiO2–Al2O3–Sm2O3 coating was recorded at different excitation wavelengths. Under UV 

excitation (λₑₓ = 354 nm), broad band with a maximum around 420–440 nm was observed and can be associated with oxygen vacancies in 

ZrO2 together with Ti³⁺ centers. Weakly intense and narrower emission bands at 600 nm and 647 nm are assigned to the 5G5/2  7H7/2 and 
5G5/2  7H9/2 transitions of Sm3+ ions. Under excitation with 404 nm the emission is dominated by defect levels in the oxide coating. 

The values of the chromaticity coordinates of the coating excited under 354 nm correspond to the pale pink color of emission (0.252, 0.272) 

and under 404 nm has orange color of emission (0.353, 0.370). 
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1. Introduction 
 

The use of oxide coatings is a classic technological approach for 

effective protection or modification of the characteristics of the 

working surface of various  technical parts and finished products  

[1-4]. Coatings with increased chemical, corrosion and thermal 

resistance, high hardness and wear resistance, suitable optical 

properties, adequate biocompatibility and other performance 

indicators are widely used [5-11]. Various technological approaches 

have been developed for the deposition of functional coatings. In 

this aspect, a number of methods are applicable: [12-22]: physical 

vapor deposition (PVD), chemical vapor deposition (CVD), 

combustion synthesis, micro-arc oxidation, laser cladding, plasma 

spraying, sol-gel technique and a number of others. 

Ceramic materials with increased Al2O3 content exhibit good 

wear resistance and friction, as well as stable chemical properties 

[23-28]. On the other hand, in some product categories, relative 

brittleness, inadequate thermal shock resistance, tendency to stress 

concentration and crack formation, as well as other operational 

problems are observed [29]. The development of optimized 

compositions based on Al2O3 in combination with other oxide 

components allows the production of coatings with appropriate 

phase composition, adequate microstructure and functional 

characteristics [25-28]. 

The mechanical properties and oxidation resistance of 

multilayer thermal barrier coatings Al2O3/ZrO2 prepared by plasma-

sprayed method were investigated [30]. Nanocomposite coatings 

Al2O3–ZrO2 were prepared, which showed lower porosity and 

higher values for toughness and microhardness than those found for 

monophase coatings of Al2O3 or ZrO2 [31,32]. At the same time, 

lower thermal conductivity was registered for Al2O3–ZrO2 coatings 

than for Al2O3 samples [31]. 

Compared to Al2O3, the titanium dioxide TiO2 is characterized 

by smaller brittleness and a number of favorable technological 

properties, therefore it is considered as a suitable oxide component 

applicable in the development of binary and more complex 

compositions. The effect of the introduction of TiO2 to Al2O3-based 

oxide coatings on the microstructure and operational properties of 

the experimental samples has been analyzed [33].  

The role of the composition and tribological behavior in the 

prepared coatings with a change in the TiO2 content has been 

studied [34]. With Al2O3/TiO2 coating, higher wear resistance was 

registered than that found with Al2O3 coating [35]. It has been 

established that the reinforcement with TiO2 of the composite 

coating Al2O3–3%TiO2 provides more favorable tribological 

properties than the reinforcement with zirconium dioxide ZrO2 [36]. 

It has been proven that the Al2O3–40%TiO2 coatings have a 

higher wear resistance than the Al2O3–13%TiO2 oxide coatings. 

With an increase in the content of the introduced TiO2 in the Al2O3–

TiO2 coatings, a decrease in porosity and the presence of cracks was 

found, and at the same time, an increase in tightness and the 

corrosion resistance [37]. At the Al2O3–40% TiO2 coating, a higher 

microhardness was registered compared to that found at the 

substrate used [38]. 

In the ternary oxide system Al2O3–ZrO2–TiO2, a series of 

composite coatings and a comparative two-component sample were 

obtained. The effect of introducing 2 wt%, 6 wt% and 10 wt% TiO2 

to the composition of eutectic Al2O3-ZrO2 (at 6:4 molar ratio) on 

the properties of the samples, microstructure and change in the 

phase composition was analyzed [29]. Composite powders (by 

spray granulation) were obtained from the prepared compositions, 

which were deposited on substrates by plasma spraying. 

The presence of the crystalline phases t-ZrO2, α-Al2O3, m-ZrO2 

and TiO2 (in rutile form) was proven in the obtained composite 

powders. At the prepared composite coatings (Al2O3–ZrO2–TiO2) 

only the crystalline phases t-ZrO2, α-Al2O3, γ-Al2O3 and amorphous 

phase were registered [29]. At the studied coatings, the diffraction 

peaks of TiO2 were not observed, even in compositions with a 

content of 10 wt% TiO2. Due to the specificity of the used 

technological approach and extremely high undercooling, an 

amorphous phase is formed in the obtained Al2O3-ZrO2-TiO2 

coatings. It is assumed that a probable dissolution of TiO2 in the 

amorphous phase or the formation of a solid solution together with 

γ-Al2O3 occurs during the cooling period [29]. 

With increasing TiO2 content, a decrease in the porosity of the 

prepared Al2O3-ZrO2-TiO2 coatings was observed. At a 

concentration of 10 wt% TiO2 (with Al2O3-ZrO2-TiO2 coating), a 

dense and uniform microstructure and higher values of adhesive 

strength, toughness and microhardness were found than those found 

for the comparative Al2O3-ZrO2 coating. For an experimental 

sample with the composition Al2O3–ZrO2–10wt%TiO2, the 

adhesive strength of 25.38 MPa was registered, while for Al2O3–

ZrO2 coating, a value of 21.50 MPa was found [29]. It has been 

proven that the obtained three-component oxide coating Al2O3–

ZrO2–TiO2 (with a content of 10 wt% TiO2) has a lower friction 

coefficient and a lower wear rate compared to the studied two-

component coating (Al2O3–ZrO2). The established characteristics 

reduce the risk of various mechanical damage to the integrity of the 

coatings with a higher content of TiO2. 

At the same time, the development of innovative coatings based 

on modified compositions of the ZrO2–TiO2–Al2O3 system is of 

fundamental and applied interest.  

The aim of the present work is to study the photoluminescence 

properties of Sm3+-doped ZrO2–TiO2–Al2O3 coatings prepared in 

laboratory conditions. During the analysis and interpretation of the 

registered emission spectrum (recorded at different excitation 

wavelengths), experimental data on the structure and characteristics 

of the prepared experimental coatings were obtained. 

 

2. Experimental Procedure 
2.1. Reagents and Materials 

Zirconium oxychloride octahydrate (ZrOCl2·8H2O), samarium 

oxide (Sm2O3), alumina (Al2O3), titanium(IV) butoxide (Ti(OBu)4), 

nitric acid (HNO3), acetylacetone (AcAc), diethanolamine (DEA), 

ethanol (C2H5OH) and deionized water were used as received 

without further purification. Microscopic glass slides made of soda-

lime glass were used as substrates. 

 

 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS" WEB ISSN 1314-507X; PRINT ISSN 1313-0226

123 YEAR XX, ISSUE 3, P.P. 123-126 (2026)



2.2. Sol preparation and hydrolysis control 

Multicomponent sols were prepared by the sol-gel method. 

Initially, 8.048 g ZrOCl2·8H2O, 0.527 g Sm2O3 and 0.255 g Al2O3 

were dissolved in ethanol with continuous stirring. Subsequently, 

1.1 mL of titanium(IV) butoxide (Ti(OBu)₄ ) was added dropwise 

under vigorous stirring. Acetylacetone (AcAc) was used as a 

chelating agent to control the hydrolysis of the Ti(IV) particles. 

After homogenization, hydrolysis of the mixed sol was initiated 

by adding 85 mL of ethanol, 65 mL of deionized water, 10 mL of 

nitric acid, and 2.5 mL of AcAc. The resulting sol was stirred for 30 

min and then allowed to stand for 24 h at room temperature to 

ensure stabilization and completion of the sol-gel reactions. 

The molar ratios of the precursors in the final solution were as 

follows: 

• Zr : Ti = 27.3 : 1 

• Zr : Sm = 43 : 1 

• Zr : Al = 87 : 1 

• Ti(OBu)₄  : AcAc ≈ 1 : 1.7 

• H₂ O : (Zr + Ti) ≈ 16 : 1 

• EtOH : (Zr + Ti) ≈ 72 : 1 

2.3. Substrate cleaning 

The glass substrates were ultrasonically cleaned sequentially in 

acetone, ethanol and deionized water, followed by air drying.  

2.4. Dip coating 

Before coating, the sol was filtered through a 0.45 μm PTFE 

membrane. Thin films were deposited on glass substrates using the 

dip technique at 25 °C and 40–50% relative humidity, with drawing 

speeds of 72.9 mm/min. 

After each deposited layer, the coatings were dried at 100 °C for 

10 min to remove residual solvent and promote partial gelation. 

Typically, 3–5 coating layers were applied to obtain films of the 

desired thickness. 

2.5. Thermal treatment 

The deposited films were thermally treated in air to obtain 

transparent multioxide coatings. The heating program consisted of a 

first stage to 300 °C at a heating rate of 1 °C/min with a holding 

time of 1 h, followed by additional heating to 450 °C at 2 °C/min 

 

3. Results and Discussion 
The emission spectrum of the ZrO2–TiO2–Al2O3–Sm2O3 

coating was recorded at different excitation wavelengths. Under UV 

excitation (λₑₓ = 354 nm), a broad emission band was observed in 

the region 370–550 nm with a maximum around 420–440 nm 

(fig.1).  

 
Figure 1. Emission spectrum of deposited ZrO2 -TiO2-Al2O3-

Sm2O3 coating under 354 nm excitation. 

 

Three kinds of different mechanisms have been proposed to 

explain ZrO2 blue-green luminescence - an impurity luminescence 

center model, intrinsic self-trapped excitons and a structure-defect 

model. [ P. Iacconi, D. Lapraz, R. Caruba: Phys. Status Solidi A 50, 

275 (1978); M. Garc´ıa-Hipolito, R. Mart ´ ´ınez, O. Alvarez-

Fregoso: J. Luminesc. 93, 9 (2001) ; V.A. Emeline, N. Serpone: 

Chem. Phys. Lett. 345, 105 (2001) 20 W.C. Hsieh, C.S. Su: J. Phys. 

D: Appl. Phys. 27, 1763 (1994); Liang J, Deng Z, Jiang X, Li F and 

Li Y 2002 Inorg. Chem. 41 3602]. At present, the generally 

accepted model is the structure-defect one, suggesting that the 

luminescence of ZrO2 arises from oxygen-vacancy defects (F+ 

centers). Thus the observed broad band with a maximum around 

420–440 nm can be associated with oxygen vacancies in ZrO₂  

together with Ti³⁺ centers. 

Sm³⁺  ions are characterized by narrow, sharp emission lines in 

the wavelength range 500 nm -750 nm, which are attributed to the 

characteristic intra-configuration f-transition of Sm3+ 5G5/2  7Hj 

where J = 5/2, 7/2, 9/2, 11/2. [W.T. Carnall, P.R. Fields, K. Rajnak 

J. Chem. Phys., 49 (1968), p. 4424; W.T. Carnall, G.L. Goodman, 

K. Rajnak, R.S. Rana J. Chem. Phys., 90 (1989), p. 3443]. Based on 

this, the observed weakly intense and narrower emission bands at 

600 nm and 647 nm (fig1.) can be assigned to the 5G5/2  7H7/2 and 
5G5/2  7H9/2 transitions of Sm3+ ions.  

 
Figure 2. Emission spectrum of deposited ZrO2 -TiO2-Al2O3-

Sm2O3 coating under 404 nm excitation. 

 

When excited with 404 nm the spectral profile changes 

significantly. A broad emission in the region 500–750 nm is 

observed with a maximum around 680–710 nm, without clearly 

pronounced narrow lines characteristic of the 4f–4f transitions of 

Sm³⁺ . This indicates that under these conditions the emission is 

dominated by defect levels in the oxide coating. 

It is clear that the direct luminescence of Sm³⁺  ions, which falls 

in the same region (680-710 nm), is strongly suppressed and does 

not dominate the observed emission. 

 

 
Figure 3. CIE chromaticity diagram of coatings under 354 nm 

and 404 wavelength of excitation. 

In order to estimate the actual emitted color, the Commission 

International de l’Eclairage (CIE) 1931 chromaticity diagram was 

used [Smith, T.; Guild, J. The CIE colorimetric standards and their 

use. Trans. Opt. Soc. 1931, 33, 73.]. The chromaticity coordinates 
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were calculated from the emission spectra by using color calculator 

software SpectraChroma (CIE coordinate calculator) [Paolini, T.B. 

SpectraChroma (Version 1.0.1) [Computer Software]. 2021. 

Available online: https://zenodo.org/records/4906590 (accessed on 

7 June 2021).]. The values of the chromaticity coordinates of the 

coating excited under 354 nm correspond to the pale pink color of 

emission (0.252, 0.272) and under 404 nm has orange color of 

emission (0.353, 0.370). 

 

The color purity of the synthesized samples can also be 

calculated via chromaticity coordinates of CIE 1931 diagram. The 

following expression was used:  

 

  , [book: 

Schubert, E. F. (2006). Light-emitting diodes, Cambridge university 

press, p. 300] 

 

where (x,y) represents the color coordinates of the synthesized 

glasses; (xee, yee) is the illuminant point of the 1931 CIE Standard 

Source C with color coordinates (0.3101, 0.3162); (xd, yd) are the 

chromaticity coordinates of the dominant wavelength point, which 

were obtained by extending the straight line between the point of (x, 

y) and the illuminant point (xee,yee) to the other side of the 

chromaticity diagram. Generally, it is accepted that 100 % is for 

pure color and 0% is for white light. The established values for the 

color purity of coatings excited by 354 nm wavelength is 26% and 

for 404 nm is 25%. 

 

Discussion: 

The lack of clearly defined linear emission peaks of the active 

Sm³⁺  ions, even under direct excitation around 404 nm, can be 

explained by competing non-radiative processes in the oxide 

coating, as well as by possible concentration quenching and strong 

interaction between Sm3+ ions and defect states of TiO2/ZrO2. The 

broad character of the observed emission is typical of defect-driven 

luminescence in amorphous or nanocrystalline oxide systems. 

The obtained results show that the luminescent properties of the 

studied coating are determined mainly by the defective structure of 

the coating, creating prerequisites for further optimization of the 

composition and thermal treatment in order to activate the emission 

of rare earth ions. 

 

4.Conclusion 
Transparent Sm3+-doped ZrO2–TiO2–Al2O3 coatings were 

successfully synthesized on glass substrates using a sol–gel dip-

coating technique followed by thermal treatment. The applied 

synthesis approach enabled the formation of homogeneous 

multicomponent oxide films suitable for optical investigations. 

Photoluminescence analysis revealed that the emission 

properties strongly depend on the excitation wavelength. Under UV 

excitation at 354 nm, a broad emission band centered at 420–440 

nm was observed, which is mainly associated with oxygen-vacancy 

defects in ZrO2 and Ti3+ centers. Weak emission lines at 600 nm 

and 647 nm correspond to the characteristic transitions of Sm³⁺  

ions. When excited at 404 nm, the emission is dominated by defect-

related luminescence in the oxide matrix. 

Chromaticity analysis indicated pale pink emission under 354 

nm excitation and orange emission under 404 nm excitation. The 

obtained results demonstrate that the luminescent behavior of the 

coatings is largely governed by defect states in the oxide structure. 

Such transparent luminescent coatings may be considered as 

promising materials for photonic applications and potentially for 

light management in photovoltaic devices. 
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