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INTRODUCTION 

 At present, several coating deposition methods are 
known and widely used in the industry [1]. The choice 
of a particular method is dictated by a combination 
of factors, such as the level of loading and operating 
conditions, the shape, size and geometry of machine 
parts to be coated, the required thickness of the coating, 
the necessity for mechanical post-processing, the requi-
rements for adhesive and cohesive strength and the cost 
of the final product.
 Thermal spraying is widely used for surface 
strengthening and restoration. The variations of thermal 
spraying are plasma spraying, flame spraying, high-
velocity oxy-fuel spraying (HVOF), cold gas-dynamic 
spraying and detonation spraying. Thermal spraying 
is used to deposit high-strength materials [2] and mul-
ticomponent coatings reinforced with finely dispersed 
inclusions, which ensure high coating performance [3, 4]. 

In order to form coatings containing intermetallic pha-
ses with high adhesion strength and corrosion resistance, 
vacuum spraying [2, 3, 5] is employed or deposition is 
carried out in an inert gas atmosphere [6].
 The sprayed metallic particles can chemically react 
with gases contained in the spraying atmosphere, which 
leads to the formation of finely dispersed ceramic phases 
in the coatings [5, 7, 8].
 A widespread technique of producing dispersion-
strengthened coatings is the formation of oxide inclusions 
in metal matrices. This is achieved through oxidation of 
the molten particles when spraying is carried out in air. 
In this case, atmospheric plasma spraying can be effi-
ciently employed [9]. A substantial drawback of this 
method is the porosity of the coatings and the non-
uniformity of their structure. 
 One of the efficient technologies for restoration, 
repair and strengthening of machine parts is cold gas-dy-
namic spraying [10, 11]. It is based on the layer-by-layer 
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 The structure and mechanical properties of the coatings 
formed by reactive detonation spraying of titanium in a wide 
range of spraying conditions were studied. The variable depo-
sition parameters were the nature of the carrier gas, the spray-
ing distance, the O2/C2H2 ratio, and the volume of the explosive 
mixture. The phase composition of the coatings and the influ-
ence of the spraying parameters on the mechanical properties 
of the coatings were investigated. In addition, nanohardness 
of the individual phases contained the coatings was evaluated. 
It was found that the composition of the strengthening phases 
in the coatings depends on the O2/C2H2 ratio and the nature of 
the carrier gas. Detonation spraying conditions ensuring the 
formation of composite coatings with a set of improved mecha-
nical properties are discussed.

 V příspěvku jsou studovány struktura a mechanické vlast-
nosti povlaků připravených reaktivním nástřikem titanu za ši-
roké škály aplikačních parametrů. Těmi byly zejména složení 
nosného plynu, vzdálenost trysky, poměr kyslíku a acetylénu, a 
objem směsi. Bylo sledováno fázové složení povlaku a vliv jme-
novaných parametrů a nanotvrdost jednotlivých fází. Přítom-
nost vyztužujících fází závisí hlavně na poměru kyslík/acetylén 
a složení směsi nosného plynu. Tato metoda žárového nástři-
ku poskytuje kompozitní povlak se zlepšenými mechanickými 
vlastnostmi. 
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formation of coatings at supersonic flow velocities of 
the carrier gas and is associated with minimal heating of 
the sprayed material. The cohesive strength is, therefore, 
provided thanks to a high kinetic energy of the particles 
upon impact. This substantially reduces the probability 
of oxidation and eliminates the need for dynamic vacuum 
or an inert gas atmosphere. By selecting the optimal gas 
flow rate and the temperature of the gas, multicomponent 
coatings with a set of required physical and mechanical 
properties can be fabricated [11].
 Currently, detonation spraying and HVOF are 
the most efficient methods of depositing coatings that 
can protect machine parts from erosion, corrosion and 
different types of wear [12, 13]. Low porosity of the coa-
tings is achieved due to high velocities of the particles 
[6]. The method can also be applied for metallization of 
ceramics and periodic restoration of the worn machine 
parts [14-16]. 
 In this paper, the structure and mechanical pro-
perties of deposits formed on titanium substrates by 
reactive detonation spraying of a titanium powder 
were investigated. The aim of the present work was 
to determine the effect of the coating structure on the 
mechanical properties of the coatings.

MATERIALS AND METHODS

 The deposition of the coatings onto titanium sub-
strates was carried out using a computer controlled 
detonation spraying (CCDS2000) facility [17]. Titanium 
(99 % purity, average particle size 15 μm, “PTOM-2”, 
Russia) was used as a feedstock powder. Air or nitrogen 
was used as a carrier gas. Spraying was performed using 
different compositions of acetylene-oxygen mixtures 
corresponding to O2 / C2H2 molar ratios of 0.7, 1.1, 
and 2.5 (Tab. 1). Conditions of the enhanced nitride 
formation were created by introducing nitrogen into the 
explosive mixture.
 Microhardness of the coatings Hμ was measured 
with the use of a PMT-3 testing machine. The direction 

of indentation was cross-section to the substrate/coating 
interface. The load onto the Vickers pyramid was 100 g. 
Elemental microanalysis of the coatings was carried 
out by Energy Dispersive Spectroscopy (EDS) using 
an INCA unit (Oxford, Instruments) attached to a LEO 
EVO 50 scanning electron microscope (Zeiss, Germany).
In order to study the correlation between the structure 
and the mechanical properties of the coatings, three-point 
bending tests were carried out using an electromechanical 
testing machine Instron 5582. This loading scheme was 
chosen as under applied external force, the surface layer 
(the detonation coating) plays a major role in providing 
resistance to deformation and fracture. The three-
point bending tests in combination with photographing 
the specimen lateral surface allow gaining detailed 
information on the deformation behavior and estimating 
the cracking stress σcr. [18]. The stress under three-point 
bending was calculated with the help of equation (1) 
[19]:

,                             (1)

where Мmax is the largest value of bending moment (2) 
(Р is bending load; l is the distance between the supports 
(span).

,                           (2)

where W is the resistance momentum, which for rectan-
gular-section specimens can be calculated by equation 
(3) (b is the width and h is the gauge height of the 
specimens).

.                              (3)

 For mechanical testing, rectangular specimens 
20×10×2.5 mm in size were prepared using electroero-
sion cutting. The span (the distance between the supports) 
was 19 mm. Since the titanium substrates possess 
high ductility, it was nearly impossible to fracture the 
specimen using the selected loading scheme. For this 
reason, the evaluation of the mechanical properties was 
carried out at a bending deflection of 2.5 mm. 

Tab. 1. Parameters of spraying and coating thickness / Parametry nástřiku a tloušťky povlaků

Spraying 
regime

Composition of explosive 
mixture, O2/C2H2

Spraying distance 
[mm]

Explosive 
charge [%] Carrier gas Coating thickness (hп) 

[µm]
1 1.1 100 30 air 270
2 2.5 100 30 air 275
3 1.1 10 40 nitrogen 160
4 0.7 10 40 nitrogen 291
5 0.7 10 50 nitrogen 190
6 0.7 100 50 nitrogen 750
7 1.1+33%N2 10 60 nitrogen 235
8 1.1+33%N2 100 60 nitrogen 285

σcr = 
Mmax
W

Mmax = P × l
4

W = b × h2

6
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 Scratch tests were carried out to evaluate the fric-
tion coefficient. A Revetest-RST scratcher (CSM-Instru-
ments, Switzerland) was used for these measurements. 
The velocity of the indenter was 2 mm/min. The load 
was increased from 0.6 to 200 N. The friction coefficient 
was calculated as an average over the entire scratch 
length.

RESULTS AND DISCUSSION

Spraying regime No. 1 and No. 2

 For the given pair of specimens the spraying dis-
tance (100 mm), filling of the barrel (30 %), and the 
carrier gas (air) were the same. They differed by the 
explosive mixture ratio O2/C2H2 only (Table 1.). The 
analysis of the SEM images (Fig. 1a,b) shows that the 
coating consists of a set of densely packed splats, which 
is typical of coatings obtained by thermal spraying. 
 SEM and EDS data of coating No. 1 allow detecting 
titanium and its oxides. The formation of oxynitrides 

was confirmed by EDS; however, due to overlapping of 
titanium and nitrogen peaks in the EDS, the quantitative 
analysis is difficult to conduct. In our previous study 
[8] the detonation spraying of Ti powder with the use 
of similar deposition modes was carried out. By means 
of the XRD the formation of TiNxOy, TiO, Ti2O3 phases 
have been detected. To the authors opinion the same 
phases should be formed in the coatings studied in this 
paper. The formation of the oxynitrides is related to the 
presence of nitrogen in the air (carrier gas). Metallic 
titanium in the micrographs is seen as bright regions 
against the background of a darker matrix of titanium 
oxides/oxynitrides. The oxygen content in such regions 
is ~ 35 %.
 So, detonation spraying under the selected regime 
allows depositing a coating with a composite structure 
consisting of titanium and its oxides. The coating shows 
a low porosity and  a uniform microstructure, which 
can be attributed to a uniform phase distribution over 
the entire coating volume (Fig. 1a,b). Coating No. 2 
has a similar structure; however, a larger number of 

Fig. 1. SEM-micrographs of the cross section for the specimens No. 1 – 4 (continue on next page)
Obr. 1. SEM snímky řezů vzorků č. 1 – 4 (pokračování na další straně)

c) No. 3 d) No. 4

a) No. 1 b) No. 2
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splat-shaped inclusions of smaller sizes are observed. A 
noticeable number of micropores of round shape are a 
characteristic feature of the coating. The oxygen content 
in the oxide-rich regions is about 45 %, which is higher 
than in specimen No. 1 (Fig. 1, Table 2.). In the regions 
consisting mostly of metallic titanium, the presence of 
oxygen is also detected (less than 8 %). 

Spraying regime No. 3 and No. 4

 For this pair of coatings the O2/C2H2 ratio was 
equal to 1.1 and 0.7 (for the specimens No. 3 and No. 
4, respectively). However, the spraying distance was 
additionally reduced (it made 10 mm) but the carrier gas 
was replaced by the nitrogen (Tab. 1).
 A reduction in the oxygen content in the explosive 
mixture should result in a decrease in the content of the 
oxides in the coating. The use of nitrogen as a carrier gas 
can lead the formation of nitrides.
 From the SEM micrographs of the specimen’s 
cross section (Fig. 1c,d), it can be seen that during the 

grinding/polishing process some particles detached from 
the surface. This indicates a reduced cohesive strength in 
comparison with specimens No. 1 and 2. It is also clear 
that titanium particles after detonation spraying have 
retained a predominantly globular shape (their impact 
energy during spraying was not high). This result is most 
likely related to a substantial decrease in the spraying 
distance. A higher oxygen amount in the explosive 
mixture results in the formation of a coating with a 
higher strength. As is seen from the Fig. 1c,d, a greater 
number of dark regions are observed in coating No. 4, 
which correspond to titanium carbonitrides.
 A high porosity is a characteristic feature of speci-
men No. 3 (Fig. 1c). Thin layers are located along the 
boundaries of the titanium particles. The oxygen content 
in these layers does not exceed 15 % (Tab. 2), which is 
significantly lower than the oxygen content in specimens 
No. 1 and No. 2. In large pores of the coating, a higher 
content of carbon is detected than in small pores (up to 
35 %). 

Fig. 1. SEM-micrographs of the cross section for the specimens No. 5 – 8
Obr. 1. SEM snímky řezů vzorků č. 5 – 8

g) No. 7 h) No. 8

e) No. 5 f) No. 6
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 Coating No. 4 is denser than coating No. 3. A higher 
content of C2H2 in the explosive mixture has led to 
an increase in the carbon content in the coating, as is 
evidenced from the EDS data (Tab. 2.). The carbon con-
tent along the titanium particle boundaries is ~ 25 %, 
reaching 45% in large pores.

Spraying regime No. 5 and No. 6

 For specimens No. 5 and No. 6, the spraying distance 
was 10 and 100 mm, respectively. According to the 
SEM data, these coatings have a fine-grained structure 
(Fig. 1e,f), in which titanium particles are surrounded by 
ceramic grains.
 According to the EDS of specimen No. 5, the oxygen 
content outside of unreacted titanium particles phases 
does not exceed 10 %, while the content of carbon is 
about 20 %. In the similar regions of the microstructure 
of specimen No. 6, the oxygen content is about 15 %, 
while the carbon content is 25 % (Fig. 1e, Tab. 2). It 
can be assumed that when a longer spraying distance 
is used, a greater transformation degree of titanium is 
achieved. Therefore, the interphase boundaries appear 
more distinct, while the oxygen and carbon contents 
in specimen No. 6 are higher (Fig. 1f). Using a shorter 
spraying distance, a coating with increased values of 
microhardness was obtained (specimen No. 5, Tab. 2). 

Spraying regime No. 7 and No. 8

 The spraying distance was 10 mm for specimen 
No. 7 while it was 100 mm for specimen No. 8. 
Additionally, nitrogen was added to the O2/C2H2 mixture 
in an amount of 33 % by volume. It was assumed that 
the introduction of nitrogen into the explosive mixture 
would favor the formation nitrides in the coatings [8]. 
As is seen from Fig. 1g,h, the coating structure is rather 
uniform and is represented by metallic titanium and 
ceramic phases. A number of small microcracks and 
round pores can be observed. An increase in the spraying 
distance for specimen No. 8 has led to the formation 
of pronounced interphase boundaries due to a higher 
chemical transformation degree of titanium. The EDS 
data for specimen No. 7 show that the carbon content in 
the coating is less than 6 %, while the oxygen content is 
about 30 % (Tab. 2).
 In specimen No. 8, the oxygen content was lower 
(15 %), while the content of carbon did not change 
substantially. This can be the reason for a decrease in 
the microhardness. In both specimens, titanium nitrides 
were found to dominate in the dark regions.

Three-point bending test

 The results of three-point bending tests (Fig. 2a, 
Tab. 2) show that the value of the σ2.5 parameter in 

Tab. 2. Mechanical properties of the specimens / Mechanické vlastnosti vzorků

No.
Characteristic 
regions at the 
cross-section

Chemical composition according 
to data of microanalysis 

[at. %]
Hµ [GPа] Friction 

coefficient µ0
σcr [МPа] σ2,5 [МPа]

1
Bright areas Ti ~ 99, О ~ 1

3.70±0.03 0.406 98.4 955
Dark areas Ti ~ 65, О ~ 35

2
Bright areas Ti ~ 92, О ~ 8

3.84±0.07 0.412 140.5 850
Dark areas Ti ~ 55, О ~ 45

3
Bright areas Ti ~ 94, О ~ 6

2.68±0.07 0.637 87.9 825
Dark areas Ti ~ 50, О ~ 15, С ~ 35

4
Bright areas Ti ~ 94, О ~ 6

2.45±0.11 0.661 44.9 1055
Dark areas Ti ~ 70, О ~ 5, С ~ 25

5
Bright areas Ti ~ 93, О ~ 7

2.72±0.09 0.580 94.2 945
Dark areas Ti ~ 70, О ~ 10, С ~ 20

6
Bright areas Ti ~ 97, О ~ 3

2.02±0.01 0.594 10 870
Dark areas Ti ~ 60, О ~ 15, С ~ 25

7
Bright areas Ti ~ 95, О ~ 5

2.74±0.09 0.675 372.1 945
Dark areas Ti ~ 64, О ~ 30, С ~ 6

8
Bright areas Ti ~ 95, О ~ 5

2.29±0.02 0.585 33.5 875
Dark areas Ti ~ 77, О ~ 15, С ~ 8



Deposition of titanium based... Panin S., Vlasov I., Dudina D., Ulyanitsky V., Stankevich R., Batraev I., Maruschak P., Landová M.

Koroze a ochrana materiálu  62(1) 6-13 (2018) DOI: 10.2478/kom-2018-0002 11

the specimens varies within a wide range (σ2.5 = 
= 820-1055 MPa). However, the value of this parameter 
weakly correlates with the strength characteristics of the 
coatings, partially due to significant differences in the 
coating thickness. It was concluded that the shape of the 
three-point bending diagram does not unambiguously 
show the contribution of the coating to the deformation 
resistance of the entire assembly. Thus, it is necessary 
to measure the mechanical properties of the coatings 
locally.

Scratch tests

 With the help of scratch tests, a number of mecha-
nical characteristics of the coatings were measured 
(Fig. 2b,c, Tab. 2). The value of the friction coefficient 
was determined. The obtained results correlate with 
the coating strength. The values of microhardness of 
specimens No. 1 and 2 are the highest among the studied 

specimens (H100=3.7-3.84 GPa), while the friction coeffi-
cients are the lowest (μ0 ~ 0.41). 
 Spraying regime 1. During the scratch test, the 
indenter initially quickly penetrated into the coating at 
55 μm, the track length reaching 1 mm. Upon further 
scratching, the penetration depth increased to 67 μm. 
This was probably related to an imperfect structure of the 
surface layer. The scratch profile oscillated due to a non-
uniform structure of the coating (Fig. 2b, curve 1). The 
coating possesses a sufficiently high bending cracking 
resistance (σcr = 98.4 MPa).
 Spraying regime 2. With increasing load, the 
penetration depth of the pyramid during the scratch test 
changed almost linearly (Fig. 2c, curve 2). At the end of 
the test, the indenter reached a depth of 63.4 μm, which 
is close to the value observed during testing of specimen 
No. 1. This agrees with a higher microhardness of 
specimen No. 2 as compared to specimen No. 1. The key 
mechanical characteristic of coating No. 2 is improved 
relative to those of coating No. 1: the fracture initiation 
stress is increased by 43 % (Tab. 2). This change is 
associated with the formation of a high strength titanium 
oxide-based matrix.
 Spraying regime 3. The pattern of the scratching 
diagram is similar to that of specimen No. 2, while the 
indentation depth at the end of the profile is 83.3 μm 
(Fig. 2b, curve 3). This correlates well with a decrease in 
the microhardness down to 2.68 GPa. However specimen 
No. 3 has a moderate value of the cracking stress.
 Spraying regime 4. The maximum indentation 
depth was 140.5 μm (Fig. 2c, curve 4). Such a penetra-
tion depth of the indentor should be attributed to struc-
tural heterogeneity confirmed by the scratch profile at 
distances of 3-5 mm from the onset of scratching. The 
cracking stress is low.
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 Spraying regime 5. The indenter penetrated smooth-
ly into the material without any significant jumps. The 
maximum penetration depth was 50.7 μm (Fig. 2b, cur-
ve 5). The diagram shows several peaks and zones with 
different rates of indenter penetration, which indicate 
a heterogeneous structure of the coating. This correla-
tes well with mechanical properties – high values of 
cracking stresses and microhardness.
 Spraying regime 6. The maximum depth of the 
indenter penetration was 102.2 μm, while the indentation 
profile showed pronounced oscillation, which indicate a 
noticeable fraction of elastic recovery (Fig. 2c, curve 6). 
The depth of the track increased gradually with the 
applied load. At a scratching distance of 4 mm, the 
oscillation frequency increased, which may be attributed 
to structural heterogeneity at the given depth. This coa-
ting possesses the lowest hardness.
 The thickness of the coating in specimen No. 6 was 
4 times greater than that in the rest of the specimens), 
which significantly affected the crack resistance mea-
sured during bending (σcr). Nevertheless, the bending 
cracking resistance of specimen No. 6 is lower than that 
of specimen No. 5.
 Spraying regime 7. The profile of the scratching 
diagram was close to linear (without pronounced oscil-
lations), while the maximum penetration depth at the 
end of the track was 103.5 μm (Fig. 2b, curve 7). This 
specimen shows the maximum cracking stress among the 
studied compositions (σcr = 372 MPa).
 Spraying regime 8. In terms of the shape of the 
indentation diagram and parameters of the test, this com-
position is similar to specimen No. 7 (Fig. 2c, curve 8). 
However, the bending cracking stress is substantially 
lower (σcr = 33 MPa).

CONCLUSION

 The structure and mechanical properties of the 
coatings deposited by reactive detonation spraying of 
a titanium powder were studied for three characteris- 
tic compositions of the explosive mixture and simulta-
neous variation of other deposition parameters. The 
composition of the individual phases of the coatings 
as well as the effect of the spraying regimes on the 
mechanical properties of the coatings was investigated. 
For the three characteristic modes of the coating for-
mation (the composition of the explosive mixture and 
the carrier gas), the following recommendations were 
formulated.
 Spraying with air as a carrier gas, no nitrogen 
added into the explosive mixture. An increase in the 
O2/C2H2 from 1.1 and 2.5 leads to an increase in the 
cracking resistance under three-point bending due to 
formation of a hierarchically organized coating structu-
re with clearly exhibited phase boundaries. Deposition 

of titanium at O2/C2H2 = 2.5 allows obtaining coatings 
with a high microhardness and a low friction coefficient.
 Spraying with nitrogen as a carrier gas, no nitrogen 
added into the explosive mixture. A short spraying 
distance (10 mm) and a low oxygen content in the 
explosive mixture (O2/C2H2 = 0.7) makes it possible 
to form a heterogeneous structure of the coating. This 
ensures mechanical properties comparable to those of 
the coatings, in which the oxide phases were predomi-
nantly formed. The coatings show a moderate crack 
resistance, a high microhardness (H100 = 2.72 GPa) and a 
high friction coefficient (µ0~ 0.58). 
 Spraying with nitrogen as a carrier gas and 
nitrogen added to the explosive mixture. The formation 
of a complex heterogeneous structure makes it possible 
to achieve a high crack resistance under three-point 
bending and a high microhardness (H100 = 2.74 GPa). 
The friction coefficient of the coating was µ0 ~ 0.68.
 Based on the obtained results, the detonation 
spraying regimes used for specimens No. 2 and 7 are 
recommended for practical applications. 
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