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Abstract 

 

TiO2 coatings manufactured using reactive very low-pressure plasma spraying (R-VLPPS) 

were analyzed in different regions related to their position compared to the plasma flame. For 

that, a screen was used in order to hide an area of the substrate from the direct plasma flux. 

The coating morphology changed from quasi lamellar structure to highly vapor structure and 

coatings exhibited obvious modifications in terms of phases and mechanical properties. The 

effect of oxidation post treatment on the as sprayed coating was then studied by selecting two 

methods: in situ oxidation post treatment and classical thermal treatment. The two post 

treatments provided an increase of the main rutile phase and a decrease of both the size and 

the contents of porosity simultaneously.  
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1 Introduction 

Regarding thermal plasma spraying, the development of the specific VLPPS technology (1 ~ 

2 mbar, [1, 2]) is extremely challenging in terms of structure that can be formed [3, 4]. 

Indeed, due to the high plasma energy and the low pressure of such technology, the coating 

mechanisms exhibit similar behaviors to APS, PVD and CVD leading to spray liquid and 

vapor phases simultaneously [5]. The plasma flow expands at the exit of the torch to form a 

jet of about 1m long, characteristic value. This process is based on a different deposition 

mechanism, regarding to conventional plasma spraying, either at atmospheric pressure (for 

APS) or at low pressure (20000 Pa, characteristic value for VPS): the coating is 

manufactured, pass by pass, mostly by the condensation of vapors instead of the solidification 

of molten particles. Indeed, feedstock particle vaporization occurs in the plasma core, at the 

exit of the torch. The coating includes lamellar structure, vapor structure and a mix of the two. 

To date, current studies mostly focus on the manufacturing of ceramic or metallic coatings. 

This process is currently used to spray metallic coatings such as Al, Cu and Ti for SOFC, 

electronic devices or additive manufacturing areas [6-8].  

Reactive – very-low pressure plasma spraying (R-VLPPS) opens a potential regarding the 

long dwell-time of the vapors to induce their reaction with a gaseous precursor, injected in the 

plasma flow either as plasma forming gas and/or downstream the plasma flow to form, in situ, 

new species that condense onto the substrate. It consists in inducing reactions between a 

precursor and a reactive gas to form non-congruent melting materials. The option is then to 

consider a pure metallic powder and a reactive precursor to form in situ composites. R-

VLPPS is implemented to obtain most of the nitrides, most of the silicates, numerous carbides 

or oxides as well [9-10] in order to circumvent the drawback of spraying non-congruent 

melting materials. Among these materials, TiO2 is widely known as an excellent 

semiconductor, photocatalytic, optical and medical material [11-13]. Three kinds of 
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crystalline phases (anatase, rutile and brookite) exist and the rutile structure is 

thermodynamically more stable than the others [14]. Numerous techniques are used to 

elaborate this material but none of them can be considered as the best to synthesis crystalline 

phases of TiO2 due to polluted traces or economical reasons or need of additional techniques 

[15-17]. For example, the enhancement of mechanical properties of TiO2 coatings such as 

tribological properties were studied by adding an oxidation post treatment [18-19]. Results 

showed the presence of the rutile phase layer on the top of the coating providing increased 

corrosion resistance or hardness.  

This work aims at preparing TiO2 coatings by R VLPPS method. The interest in the use of R-

VLPPS method relies on its efficiency to produce large area of non-contaminated coatings in 

a relatively short time. Particularly, different coating structure can be obtained depending on 

the position of the substrate relatively to the plasma jet. At first, the microstructure of the 

coating was investigated by the use of an adapted screen placed front of the substrate. This 

way, coating morphology and thickness can be studied related to the substrate position. Then, 

the effect of in situ R-VLPPS post treatment was applied to change contents and phases in the 

as sprayed coating. This in situ oxidation post treatment method was finally compared to 

classical oxidation post treatment. The comparison of the post treated coating properties was 

discussed. 

2 Experimental 

2-1 Material and process 

For the preparation of TiO2 coatings, a 99,99 at. % of pure Ti powder (AP&C, Canada) with 

7-23µm size distribution was used. Its morphology was spherical and its mean diameter was 

about 13µm as shown in Fig 1. Priori to spraying, rectangular shape (4*10*2mm) of stainless 

steel substrates were grit blasted and cleaned by acetone. Experiments were carried out in a 

VLPPS system developed in-house, composed of a 12 m3 water cooled vacuum chamber 
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equipped with the commercial 50kW Oerlikon-Metco F4-VB type plasma torch fixed on a 6-

axis robot. Optimized VLPPS plasma parameters of 700A current intensity, 50 kW power and 

45/12L/min Ar/H2 as forming gas were selected for manufacturing the coatings under 150Pa. 

Two different altrenatives were considered to inject the reactive species, Oxygen, in the 

plasma flow. The first way considers oxygen injected in the torch nozzle just before the anode 

exit. The torch scans the surface during the post treatment without changing the spray distance 

and removing the screen. The second way uses a ring-shaped injector located downstream, 

close to the substrate surface. This way, the additional O2 reactive gas was injected within the 

primary gas mixture to initiate chemical reactions during the particle travelling and near the 

substrate to reinforce the oxidation mechanisms during the impact of the sprayed powder. The 

flowrate of O2 gas was 4L/min each. 

To investigate the changes in TiO2 microstructures, the following screen was adjusted to 

distinguish  three different coating formation, Fig 2: 

 Area FRONT (F), Front of the plasma jet; 

 Area INTERMEDIATE (I), Intermediate stage between the direct and the hidden 

spray; 

 Area HIDDEN (H), completely Hidden from the plasma jet. 

Detailed results given in a previous study [20] showed the benefits of longer interactions time, 

moderate substrate temperature for reaching the highest rutile TiO2 phase in the coating about 

84%. Based on these results, oxidation post treatment was applied on the formed coating in 

order to increase the rutile phase. The first oxidation post treatment consisted of applying to 

an elaborated TiO2 coating a relatively larger quantity of reactive gas in the plasma jet without 

powder (in situ R-VLPPS post treatment, 8L/min O2). Working conditions are given in Table 

1. The second consisted of submitting the as sprayed coating to a classical Thermal Post 

Treatment. Previous studies have been conducted to optimize both, the temperature and the 
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exposure time of the coating oxidation in the oven. Results showed the best oxidation for 

550°C and 4 hour exposure. TiO2 coating properties were separately analysed and compared.  

 

2-2 Characterization 

Changes in microstructure, phases and contents, were successively characterized by optical 

microscopy (EPIPHOT, Nikon, Japan), X-ray diffraction (BRUKER, United States), and 

scanning electron microscopy (JEOL, Japan). Mechanical properties were calculated through 

Vickers (Leitz, Germany) and nanoindentation measurements (HYSITRON, United States). 

10 measures were randomly performed to provide a mean value and a standard deviation of 

Hardness and Young Modulus of the coatings.  

X-ray transmission technique (Argonne National Laboratory, Argonne, IL, USA) was applied 

to analyze the total porosity of the as prepared coatings as it has a resolution down to 1 µm. 

Since the density and chemical composition of the free-standing coatings are known, linear 

absorption coefficient of the X-rays through the solid phase can be calculated using 

theoretical models [21].  

3 Results  

3.1 In situ oxidation post treatment using reactive VLPPS mode (R-VLPPS) 

The microstructures of the cross section of FRONT, INTERMEDIATE and HIDDEN zones 

are displayed in Fig 3. Moving from a visible to a hidden area of the substrate compared to the 

spray jet, the lamellar microstructure was totally transformed into a vapor microstructure 

leading to decrease by more than 30 times the coating thickness. The contrast due to the 

lamellar structure in FRONT zone (dark grey for TiO2) is no longer observable in HIDDEN 

zone where the columnar structure was reached. In FRONT region (direct spray), the coating 

exhibits a mixed microstructure of spread lamellae and condensed vapors (light gray and dark 

gray contrasts, respectively) identical to that of the coating without thermal oxidation 
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treatment. The dark gray areas are due to TiO2 phase. In IINTERMEDIATE region (border 

between direct spray and masked spray), the thickness of the deposit has greatly decreased 

from 70 to 40 µm µm due to the presence of the mask which reduces the number of particles 

impacting on the surface. The corresponding coating has a microstructure with fewer lamellae 

(light gray contrast). In HIDDEN region (masked spray), the deposit is composed only of 

vapor condensation (no light gray contrast linked to the spread molten particles). It consists of 

a dense columnar microstructure and a relatively small thickness (about 3μm). The EDS 

analysis of the FRONT and HIDDEN areas confirmed the different phases of Ti and O 

elements Fig 4. In FRONT zone, the mass ratio of Ti oscillated from the highest value found 

in lamellar structure (88%) to a significantly lower value for columnar structure (67%). When 

the analysis line passes over a spreading lamella, the element Ti increases to 88% against 12% 

for O. When the analysis line passes over condensed vapors, the element Ti passes to 67% 

against 33% for O. Instead, in HIDDEN zone, the mass ratio of O continuously decreased due 

to oxidation post treatment involving at the surface mostly (from 45% to 28%). This comes 

from the in-situ oxidation heat treatment which promotes the concentration of reactive oxygen 

on the surface of the coating. At the same time, it should be noted that the elements Fe, Ni, Cr 

constituting the substrate have diffused into the HIDDEN region. This indicates that an 

apparent metallurgical bond exists between the coating and the substrate which is beneficial 

for the adhesion. 

 

In addition, the microstructures of the coating surfaces were analyzed for these same two 

regions, Fig 5. In FRONT region, the surface topography reveals the impact and crushing of 

molten particles on the surface of the substrate. We also note the presence of some spherical 

particles of about 4μm included within the vapors. In HIDDEN region, the surface of the 

coating consists of a large quantity of ultrafine particles with a size less than 300nm. Some are 
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agglomerated into particles larger than a few micrometers. These stacks come from the 

condensation of vapors and agree with the previous comments. 

Figure 6 shows the EDS chemical analyzes carried out on the surface in FRONT and 

HIDDEN regions. The elementary phase of both regions corresponds to Ti and O elements. 

The mass fraction of the oxygen element in the coating of HIDDEN region is greater than that 

of FRONT region. The coating in HIDDEN region is composed entirely of vapors. The 

oxidation reaction between the Ti vapors and the oxygen will be optimized compared to a 

more massive liquid particle. More TiO2 phase will be generated in that case. 

XRD pattern of FRONT, INTERMEDIATE and HIDDEN zones are shown in Fig.7. 

Compared to XRD pattern of the as sprayed coating, the intensity of the TiO2 peaks confirms 

the efficiency of the in-situ post treatment. The unique TiO2 rutile phase was detected in the 

HIDDEN columnar coating reflecting its crystallographic purity. TiO2, Ti2O and Ti3O peaks 

were found in both, FRONT and INTERMEDIATE lamellar coatings whose intensities varied 

with the amount of vapor phase. Other peaks appear on the pattern and are likely attributed to 

TixOy phases. For conventional thermal spray coatings, manufactured from micrometer or 

nanometer sized particles [23,24], anatase and rutile TiO2 are obtained. Also Magneli, Ti3O5 

[25] and Ti2O3 phases can be formed with H2 plasma forming gas use [26]. Ti2O and Ti3O 

phases seems to have never been observed previously in coatings. Only some papers on 

mechanical properties of titanium oxides discussed on this phases [27]. The diffraction peaks 

were used to determine the average ratio of each phase based on Rietveld analysis. 

Quantitative results are shown in Table 2. Obtained results are consistent with the EDS 

analysis. The average ratio of TiO2 is quite close to 100% for HIDDEN and decreases 

progressively from INTERMEDIATE to FRONT due to the loss of vapor contents. In that 

cases, TiO2 is gradually replaced by Ti2O and Ti3O. 
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Results of the porosity contents show a progressive decrease from 10%, the highest value for 

lamellae coating (i.e FRONT zone) to 3% for columnar structure (i.e. HIDDEN zone), Fig 8. 

However, the quantity of the small pores less than 2 µm follows a mixed trend meaning that 

even the condensated vapor coating contains quite numerous small pores.  

3.2 Classical post treatment 

Cross section and surface pictures of as sprayed coating (FRONT region only) and post 

treated coating are displayed in Fig 9. A mix in between lamellar and vapor is observed in 

both, the post treatment involved in reducing the porosity from 2% to less than 0.7% mostly 

due to the disappearance of the smaller pores or the decrease in size of the bigger ones (almost 

by twice from 100 to 50nm). Regarding the surface analysis, it can be observed that well 

dispersed nanoparticles were generated during the post treatment induced by the following 

stages of diffusion, recrystallization and grain growth during the post treatment successively; 

both leading to densify the coating finally.  

Fig 10 shows XRD patterns of that previous coatings. The mass ratio of each phase is listed in 

Table 3 based on Rietveld analysis. It can be seen that the TiO2 formation is worth promoting 

by the post treatment according to the increase of its peak intensity, the rutile phase raised 

from 19.8% to 43.4% after post treatment respectively. The amount of intermediate phases 

such as Ti2O, Ti2O3, Ti3O or Ti6O is strongly reduced accordingly. Due to their reactions with 

O2 at low temperature, these intermediate phases contribute to reinforce TiO2 phase. Then, 

microhardness and Young Modulus raised from 6.8 to 12.9GPa and from 115.3 to 191.1GPa 

respectively. As already mentioned by [22], the first diffusion stage induced a decrease of the 

porosity hence an increase of the hardness, the second recrystallization stage led to decrease 

the grains size and increase the TiO2 phase ratio. Both of them contributed finally to the 

strengthening of such coatings.  
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The denser post treated coating associated with finer microstructure found on the surface and 

inside results in increasing mechanical properties. 

 

4. Discussion 

At first, it is worth noting a strong link between the coating microstructure and the particles 

flux when the substrate is partially protected from the direct plasma spray. The consequence is 

a clear change from mix lamellar/ columnar structure to a unique columnar structure. That can 

be attributed to first the propagation of the kinetic flux parallel to the surface and second to 

the transportation / condensation of the vapor carried by the flux on the hidden part of the 

substrate.  

After in situ oxidation post treatment by R-VLPPS, the enhancement of the rutile TiO2 phase 

in all the coatings can be observed: the amount of TiO2 get higher with 92.4 wt% in the 

mainly lamellar structure coating and almost 100 wt% in the columnar structure. That 

confirms the efficiency of R-VLPPS post treatment to further oxidation mechanisms of Ti 

powder. Finally, pure TiO2 thin film with low porosity and homogeneous thickness can be 

reached by that way.  

The second oxidation post treatment via air gave rise to diffusion phenomena followed by 

recrystallization and grain growth of the nanoparticles inside the coatings. It allows their 

densification through the decrease of bigger pores and elimination of smaller ones. The 

coatings were composed of about 98 wt% TiO2 phase inducing the increase of both hardness 

and Young modulus. Compared to the best results obtained by the first in situ post treatment 

(10.2GPa for hardness and 139.9GPa for Young Modulus), this post treatment could mainly 

be used to reinforce the mechanical properties of the coatings. 

5. Conclusion 
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In situ R-VLPPS and air post treatment methods were applied on TiO2 coatings sprayed via 

R-VLPPS. The results could be summarized as follows:  

- An increase of TiO2 amount was observed in the coatings whatever the post 

treatment method. Oxidation reactions were generated during in flight powder and 

on substrate surface. Oxidation mechanisms carried through the surface of the Ti 

powder are based on diffusion phenomena of O2 inside the particles and between 

the coating layers. 

- 100% TiO2 phase could be obtained by in situ R-VLPPS post treatment in a vapor 

made coating. This method allows to manufacture rapidly homogeneous thin films 

of TiO2. 

- Denser coatings with greater hardness and Young modulus were achieved with 

classical oven air post treatment due to diffusion, recrystallization and grain 

growth phenomena. This method is a good alternative to increase mechanical 

properties.  
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Tables 

Table 1 : Working conditions for in situ plasma oxidation post treatment 

Coating mask 

O2 injection Torch  

Reactive gas O2 (L.min-1)  8 

Spray distance (mm) 900 

Substrate temperature during spraying and 

VLPPS post treatment (℃) 

700 

Powder feed rate (g.min-1) 1 

Spraying velocity (mm.s-1) 200 

Passes 400 

 

 

 

Table 2 : TiO2 and Ti2O, Ti3O intermediate phases average ratio in as sprayed coating and 

after R-VLPPS oxidation post treatment (FRONT, INTERMEDIATE and HIDDEN zones) 

Phases As sprayed coating Post treated coating 

  FRONT INTERMEDIATE HIDDEN 

TiO2 (%) 38,6 59,3 84,9 100 

Ti2O (%) 26,1 22,5 15,1 0 

Ti3O (%) 35,3 18,2 0 0 

 

Table 3: TiO2, and Ti2O, Ti3O, Ti2O3 intermediate phases average ratio in as sprayed coating 

and after oxidation post treatment 

Phases As sprayed coating Post treated coating 

TiO2 (%) 19,8 43,4 

Ti2O (%) 65,4 20,5 

Ti3O (%)  36,1 

Ti2O3 (%) 14,8  

 

 



13 

 

List of figure captions  

 

Fig 1: Morphology of Ti powder 
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Fig 7 
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