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INTRODUCTION

Among various metal oxides, TiO2 draws a 
special attention from both scientific and manu-
facturing industries due to its high chemical and 
physical stability, non-toxicity and photocatalytic 
properties [1, 2]. However, the bandgap value of 
TiO2, which is 3.2 eV for anatase and 3.0 eV for 
rutile, is too large to enable photocatalysis under 
visible (VIS) light irradiation [3]. In 2011, Chen 
et al. demonstrated that hydrogenated TiO2 ex-
hibits enhanced photocatalytic activity compared 
to non-treated material [4]. Hydrogenated TiO2, 
often referred to as black titanium oxide (BTO) 
due to the color of reduced titanium oxide, has 
immediately gained an attention from the scien-
tific community. The investigations focus also 
on its manufacturing methods. Methods such 
as hydrogen thermal treatment [5], chemical or 

electrochemical reduction [6], and anodization-
annealing [7] have been tested and proven effec-
tive. However, most of these methods are time-
consuming and not cost-effective, hindering their 
implementation in the manufacturing industry. 

As an alternative, thermal spraying methods 
are currently being researched with highly prom-
ising results [8, 9]. In this process, the feedstock 
material is introduced into the plasma stream. If 
the feedstock is in powder form, the process is 
called atmospheric plasma spraying (APS). Par-
ticles properly introduced into the plasma stream 
undergo partial or full melting due to the high 
temperatures of plasma gases, which can reach 
up to 20,000 K. Highly plasticized particles, ac-
celerated by gases, reach the substrate and deform 
upon impact, forming a lamella structure called a 
“splat.” A mixture of argon with an addition of ni-
trogen or helium is usually used as plasma gases. 
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However, nitrogen can be replaced by hydrogen 
with minor impacts on process characteristics 
[10]. Due to the high dissociation and ioniza-
tion peaks of H2, adding hydrogen significantly 
increases the thermal conductivity of the mix-
ture [11]. Consequently, the feedstock is heated 
extensively, which, along with the hydrogen-rich 
atmosphere, induces chemical reduction of the 
TiO2 powder, forming oxygen vacancies and Ti3+ 
species. As a result, a coating with a high content 
of BTO is deposited in a relatively simple, one-
step process [12].

However, the use of thermal spray methods 
for BTO deposition are still undeveloped. To fully 
use the potential of plasma spraying for BTO de-
position, it is needed to examine the impact of pro-
cess parameters on both structural and mechani-
cal properties of the coatings, as they are crucial 
for its functionality [13]. Since photocatalytic re-
action occur on the materials surface, specific sur-
face area (SSA) of the coating has a significant in-
fluence on its efficiency [14]. Thus, it is important 
to determine the impact of process parameters on 
this property. Input power, plasma gas flow rate, 
and spray distance are often defined as the most 
crucial process parameters [15, 16]. Both input 
power and gas flow rate influence the temperature 
of the plasma stream. Increasing plasma tempera-
ture leads to increased coating density and bet-
ter cohesion, which often translates to improved 
anti-wear characteristics [16]. On the other hand, 
spray distance affects the time particles spend in 
the plasma stream, impacting their temperature 
[17]. Additionally, the feedstock feeding rate is 
crucial for process efficiency [18]. Understanding 
the relationship between process parameters and 
the structure of BTO coating is essential for effec-
tive deposition of the coatings. 

In the presented research, the impact of hy-
drogen flow rate, spray distance, and feedstock 
feeding rate on the structure and mechanical 
properties of BTO coatings was examined. Com-
mercially available TiO2 powder was used as the 
feedstock. The deposited coatings were analyzed 
in terms of their structure, thickness, porosity, and 
specific surface area. Mechanical properties were 
evaluated through hardness tests and Young’s 
modulus measurements. 

MATERIALS AND METHODS

The samples were prepared from Metco 102 
powder (Oerlikon, Metco) using one-cathode 
– one anode SG-100 plasma torch (Praxair, In-
dianapolis, In, USA), attached to a 6-axis Fanuc 
2000 IA robot. An Ar/H2 gas mixture with vari-
ous ratios was used for plasma generation. The 
hydrogen flow varied from 2.5 to 5.0 slpm, while 
the Ar flow was kept constant at 50.0 slpm. In ad-
dition to hydrogen content, powder feeding rate 
and spraying distance were also varied. All vari-
able spraying parameters and their corresponding 
sample codes are listed in Table 1. The voltage 
was set on 50 V. The choice of process parameters 
was based on preliminary studies as well as previ-
ous works with similar materials [19, 20]. 

The coatings were deposited on 1.4301 aus-
tenitic stainless-steel discs with a diameter of 25 
mm and a thickness of 2 mm. Prior to spraying, 
the discs were sandblasted with F40 corundum 
grit (according to FEPA standards) and cleaned 
using an ultrasonically assisted ethanol bath. Af-
ter sandblasting, the surface roughness (Ra) was 
approximately 5 μm. During deposition, the plas-
ma torch was mounted on a 6-axis Fanuc 2000 IA 

Table 1. Variable parameters and corresponding sample codes

Sample code
Variable parameters

Hydrogen flow, slpm Powder feed rate, g/min Spray distance, mm

TA1 2.5 10 90

TA2 2.5 10 110

TA3 2.5 20 90

TA4 2.5 20 110

TA5 5.0 10 90

TA6 5.0 10 110

TA7 5.0 20 90

TA8 5.0 20 110

TA9 3.75 15 100
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robot, and the substrates were positioned on a rotating 
carousel, as shown in Figure 1. 

The feedstock material was examined for size 
and morphology using a PSA 1190 particle size 
analyser (Anton Paar, Graz, Austria) and SEM 
(Tescan Vega 3 (Tescan, Brno, Czech Republic). 
After deposition, the structure and morphology of 
the coatings were observed using digital micro-
scope Keyence VHX 6000 (Keyence, Mechelen, 
Belgium) and SEM. The Keyence software was 
used for the measurement pecific surface area 
(SSA) of the coatings based on the free surface 
characteristicts. Observations performed on coat-
ings cross-sections were further used for thick-
ness and porosity measurements. Porosity was as-
sessed from SEM BSE images using an automat-
ed analysis algorithm (ASTM E2109-01, method 
B) [22]. For each sample, 25 images were taken 
and the average porosity was calulated based on 
binarized pictures. 

The mechanical properties of the depos-
ited coatings were assessed by Vickers hardness 
measurement and indentation tests. The Vickers 
hardness measurement was carried out in accor-
dance with the EN ISO 4516 standard using a 
Sinowon HV-1000 apparatus (Sinowon Innova-
tion Metrology, China) [23]. For each sample, 
12 imprints were made under a load of 1.96 N 
(HV0.2). The indentation tests were performed 
using an NHT3 nanoindenter (Anton Paar, Graz, 
Austria) equipped with a Berkovich indenter. To 
determine the Young’s modulus of the coatings, a 
series of measurements under various loads was 
made following the ASTM E2546 standard [24].

RESULTS AND DISCUSSION

The particle size distribution is presented in 
Figure 2a. The particle sizes correspond with the 

Figure 1. Configuration of deposition system based on [21]

Figure 2. Result of feedstock analysis: a) distribution and cumulative distribution of particle size, 
b) SEM observation of powders morphology
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manufacturer’s specifications, with a d50 = 29.5 ± 
0.1 μm and a mean size of 31.6 ± 0.2 μm. SEM 
observation of feedstock powder (Figure 2b) re-
vealed that the powder has an irregular geometry, 
typical for its manufacturing methods (fused and 
crushed). In the SEM images, a fraction of small-
sized particles is visible, but their presence is not 
represented in the results particle size analysis 
due to their minimal quantity.

Observations using a digital microscope re-
vealed delamination of the TA2 coating from 
the substrate (Figure 3a). Delamination occurs 
when the adhesion between the coating and the 
substrate is insufficient. This may be due to low 
surface roughness relative to the size of the feed-
stock particles or high stresses during the depo-
sition process. Since the preparation procedure 
and feedstock material were consistent across 
all samples, the delamination is most likely re-
lated to the spray parameters. It is suspected 
that low heat input, connected to the H2 content, 
combined with spray distance of 110 mm led to 
in-flight particle solidification. Consequently, 
particles of low plasticity and kinetic energy 
were unable to attach themselves firmly to the 
substrate, what was exposed during the prepa-
ration procedure. No other imperfections were 
observed in any of the deposited coatings. 

The thickness of the coatings, measured us-
ing a digital microscope (Figure 3b), ranged from 
100 ± 7 μm for sample TA6 to 139 ± 9 μm for 
sample TA9. The results are shown in Figure 4a. 
The powder feed rate had a clear impact on coat-
ing thickness. The average thickness of coatings 
deposited with a powder feed rate of 10 g/min 
was 104.8 ± 4.6 μm, while a feed rate of 20 g/min 
resulted in average thicknesses of 128.8 ± 4.4. 

However, the thickest coating was TA9, which 
was deposited with a feed rate of 15 g/min. Al-
though the difference in thickness between sam-
ple TA9 and sample TA8 is only 3 μm, what falls 
within the range of standard deviation. 

According to the porosity measurements (Fig-
ure 4b), the porosity of the deposited coatings 
ranges from 2.13% to 3.89%. According to the lit-
erature [25], this level of porosity is typical or even 
low for this manufacturing technique. A slight cor-
relation between coating porosity and spraying dis-
tance was observed, with greater spray distances 
resulting in higher porosity levels. However, this 
correlation does not apply to sample TA3, which 
exhibits the highest porosity level among all sam-
ples. The porosity of sample TA3 was 3.89%, fol-
lowed by sample TA6 with a porosity of 3.72%. 
The high porosity level of sample TA3 is likely due 
to insufficient heating of the particles, caused by 
a low hydrogen level and a high spray distance, 
which allowed for particle resolidification. How-
ever, due to the high standard deviation, this con-
clusion cannot be definitive.

The SSA of the coatings ranged from 0.79 to 
1.44 m2/g (Figure 5). The highest SSA was mea-
sured for the sample TA6, which was sprayed us-
ing 5 slpm of H2 from the distance of 60 mm with 
the 10 g/min powder feed. It can be also seen that 
the opposite process parameters (lower H2 con-
tent, lower spray distance and higher powder feed 
rate) resulted in the lowest SSA. Among tested 
ranges, the spray distance has the highest influ-
ence on SSA value. Decreasing of the SD usu-
ally leads to formation of denser coatings, what 
explains its relationship with SSA, as in most of 
the cases, the SSA value is correlated with the po-
rosity. The exemption is TA3 sample, which high 

Figure 3. Coatings cross-section observed using digital microscope: a) delamination of TA2 coating; 
b) thickness measurement of TA8 sample
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porosity did not contribute to high SSA, since the 
largest pores were located near the substrate. 

The surface structure of the deposits, as ob-
served using SEM, displays several characteristic 
features typical of Atmospheric Plasma Spray-
ing (APS) coatings, including various types of 
splats, cracks, and pores. Most of the splats were 
identified as flower-like, with a minor presence 
of disc-like splats. The formation of these splat 
types is strongly influenced by process condi-
tions, particularly substrate temperature, which 
significantly affects coating properties. Wan et 
al. [26] stated that low substrate temperatures 
lead to rapid and uneven cooling, beginning at 
the edges of the splats. If the central zone of the 
splat remains molten, the force of the liquid can 
cause it to jet over the solidified perimeter, result-
ing in a distorted structure with numerous small 
droplets and occasional voids in the center. This 
phenomenon, known as freezing-induced break-
up, is described in detail in [27–29]. With the in-
crease in substrate temperature the shape of the 
splat’s changes from an irregular to a disc-like. 
The temperature, at which it takes place, is called 
transition temperature (Tt). According to Mutter 

et al. [30], disc-like splats are preferable because 
flower-like splats can reduce coating cohesion. In 
the examined case, despite application of the pre-
heating, most of the splats undergo fragmenta-
tion, indicating that the substrate temperature was 
below the transition temperature.

Apart from freezing-induced break-up, the 
presence of small particles may result from in-
flight particle break up. When introduced into the 
plasma stream, the particles are exposed to high 
temperatures and velocities, which can sometimes 
cause them to break up into smaller droplets. This 
phenomenon is particularly likely when the ini-
tial powder particles have an irregular shape, as 
is common with powders produced by fusing and 
crushing [31]. When the spray distance is large 
enough, particles can resolidify, with smaller parti-
cles being especially prone to this due to their high 
surface-to-volume ratio. Consequently, a large 
number of small, resolidified particles reach the 
substrate and attach to its surface as small spheres, 
as can be seen in Figure 3a. This phenomenon was 
observed in all deposited coatings. However, in the 
case of coatings sprayed from a distance of 90 mm, 
the particles are much more deformed (Figure 3b), 

Figure 4. a) Thickness and b) porosity of the coatings

Figure 5. The SSA of the coatings
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suggesting that solidification was not complete 
when they reached the surface.

As can be seen in Figure 6, larger splats are 
marked with cracks across their surface. Cracking 
in thermally sprayed coatings is usually associat-
ed with high intrinsic stresses resulting from rap-
id cooling [32]. The number of cracks observed 
on the coating surface is noticeably higher in 
samples sprayed from 90 mm compared to those 
deposited with a spray distance of 110 mm. More-
over, in the former case, the cracks appear much 
darker, indicating greater depth.

What is more, SEM observations revealed the 
presence of splats formed from partially melted 
agglomerates of nano-sized particles. Agglomer-
ated splats were found in all our coatings, indi-
cating no correlation with the spraying param-
eters within the examined ranges. We assume 
that these splats form as a result of in-flight par-
ticle break-up, followed by in-flight agglomera-
tion and partial sintering of nano-sized particles. 
Heat transfer in sintered particles is lower than 
in bulk particles, causing the interior region to 
remain solid during impact, while the peripheral 
area melts, allowing the splat to form. Addition-
ally, the degree of sintering of these agglomerated 
splats varies between samples, as well as within 
individual coatings. Examples of agglomerated 
splats at different sintering stages and schematic 
representation of this process are shown in Figure 
7a-c. The proposed model of observed phenom-
enon is presented in Figure 7d. The model was 

developed based on our observations, as well as 
the literature reports on similar phenomena [33]. 
Similar structures were observed by Sathish et al. 
in [34], although the authors attributed their for-
mation to the form of the initial powder, which 
was agglomerated and sintered. Since there were 
no agglomerated particles in our initial feedstock 
powder, we assume that the agglomeration pro-
cess occurred spontaneously during spraying. 
This phenomenon is common in plasma spraying 
with nano-sized particles and has been extensive-
ly described by Pawlowski [35]. 

The hardness of the samples ranged from 
730 ± 102 to 868 ± 91 HV0.2. Although a slight 
correlation between spray distance and hardness 
can be observed (with an increase in spray dis-
tance generally leading to an increase in hard-
ness), this trend is not particularly strong. The 
Young’s modulus values showed small devia-
tions among the samples, ranging from 206 to 
216 GPa. Similar to thickness, porosity, and 
hardness, spray distance appears to have the 
strongest influence on this property among the 
parameters tested. For each pair of samples that 
differed only by spray distance, a shorter spray 
distance resulted in a higher Young’s modulus. 
The variations in elastic modulus are likely con-
nected to differences in phase composition, as 
TiO2 undergoes an irreversible transition from 
the metastable anatase phase to the stable rutile 
phase under the influence of heat. The exact val-
ues of these characteristics are listed in Table 2.

Figure 6. Surface of the coatings observed using SEM microscope: a) sample TA2 and characteristic structures: 
1 – agglomerates of small particles, 2 – small, resolidified particles; b) sample TA7: 3 – small, deformed 

particles being a result of incomplete in-flight solidification and 4 – cracks on the splats surface
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CONCLUSIONS

Titania-based coatings are the focus of inten-
sive research due to their exceptional photocata-
lytic properties. This study explored the deposi-
tion of black titanium oxide (BTO)-containing 
coatings using the APS process with an argon-
hydrogen plasma mixture. The coatings were de-
posited from commercially available Metco 102 
powder, and the effects of various spraying pa-
rameters on the structure and mechanical proper-
ties of the coatings were investigated. Out of all 

deposited samples, only the TA2 sample exhibited 
visible delamination. This delamination was at-
tributed to insufficient heating of the powder par-
ticles. The remaining samples did not show major 
imperfections, indicating effective adhesion.

The correlation between powder feed rate and 
coatings thickness is visible, although nonlinear. 
Even though the thickness of samples deposited 
with the feed rate of 20 g/min higher comparing 
to feed rate of 10 g/min, the highest thickness 
(139 μm) was obtained by sample deposited with 
the middle value of 15 g/min.

Figure 7. Agglomerated splats at different stages of sintering: a) partially sintered splats with visible difference 
in sintering stage between splats interior and peripheries; b) agglomeration of sintered splats; c) spheroidal 

particle formed from sintered droplets; d) proposed model of the phenomenon. 

Table 2. Hardness and Young’s modulus of the coatings

Sample
Mechanical properties

Hardness, HV0.2 Young’s modulus, GPa

TA1 760 ± 107 212 ± 6

TA2 789 ± 70 208 ± 6

TA3 826 ± 97 210 ± 8

TA4 818 ± 67 206 ± 8

TA5 756 ± 95 216 ± 7

TA6 831 ± 75 209 ± 8

TA7 730 ± 102 215 ± 6

TA8 868 ± 91 207 ± 7

TA9 830 ± 99 211 ± 7
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The porosity of the coatings increased with 
longer spray distances, although this trend was 
not uniform. Notably, the coating with the high-
est porosity level (TA3 at 3.89%) was deposited 
at a spray distance of 90 mm, which deviated 
from the general trend. On the other hand, spray 
distance had a significant impact on the specif-
ic surface area. The increase in spray distance, 
along with decrease of powder feed rate and in-
crease in H2 content led to deposition of coatings 
with SSA of 1.44 m2/g. 

SEM observations revealed the presence of 
particles with diameters significantly smaller 
than the initial powder. This was attributed to in-
flight particle break-up and droplets resolidifica-
tion and freezing-induced break-up. Longer spray 
distances resulted in droplets undergoing partial 
or full resolidification, leading to the formation 
of deformed or spheroidal particles on the coating 
surface. On the other hand, in contact with cold 
surface, splats tend to splash intensively forming 
an irregular structure surrounded with small drop-
lets. Additionally, splats consisting of nano-sized 
in-flight sintered droplets were noticed. 

Among tested variables, spray distance tends 
to have the greatest impact on hardness and 
Young’s modulus. In most cases increase in spray 
distance results in increase in hardness and de-
crease in the value of Young’s modulus. This ef-
fect is linked to the heat distribution and tempera-
ture variations of both the powder and substrate, 
which influence the phase transition of TiO2. 

Almost all deposited coatings fulfil require-
ments set for them in term of structure and me-
chanical properties. In further research, the influ-
ence of hydrogen flow rate on phase composition 
and photocatalytic activity of plasma sprayed 
coatings will be examined. 
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