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ABSTRACT

Introduction. Detonation spraying is an effective method for applying high-quality coatings to various materials, widely used
in industry to improve wear resistance and corrosion resistance of surfaces. This article examines the influence of key process
parameters, such as gun-to-substrate distance and nozzle velocity, on the structure and properties of the resulting coatings.
Materials and methods of research. The Ti-TiO, coatings on hot-rolled carbon steel are studied. The spray distance and the
speed of nozzle passage are varied while the rest spraying parameters are fixed. The obtained coatings were studied using scan-
ning electron microscopy, X-ray diffraction, and energy-dispersive X-ray spectroscopy. Results and discussion. It is found that
the phase composition of the coating changes depending on the detonation spray conditions. The fraction of rutile exceeds the
fraction of anatase in the obtained samples except for the samples obtained with the fastest nozzle passage. The rutile fraction
monotonically decreases with an increase in the spray distance with fixed values of the rest parameters of spraying process. It
is found a nonmonotonic changing the rutile fraction with an increase in the speed of nozzle passage and found its optimal
values. Two new theoretical models for the spray process based on differential equations are proposed, the solutions of which
sufficiently describe the dependencies of the rutile fraction on the distance and speed of the nozzle, respectively. Conclusion.
It has been demonstrated that the theoretical values of the parameters, calculated using the formulated equations, are in good
agreement with the experimentally measured values.

KEY WORDS: Ti-TiO,, composite coatings, detonation spray coating process, phase composition, anatase, rutile, X-ray diffraction
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INTRODUCTION Detonation spraying is a process in which coatings

are formed by accelerating the sprayed powder by a blast

Optimizing the technological parameters of coating
deposition to achieve the desired characteristics is an
important practical challenge [1]. One of the widely used
methods for applying ceramic coatings is the of detona-
tion spraying method [2—4], including those based on
titanium dioxide [5—7].

wave generated by the combustion of flammable gas with
a frequency of 1 to 100 times per second. The flammable
gas enters the gun barrel, where the sprayed powder is fed,
the powder accelerates and forms a continuous coating
when it hits the substrate. The coatings obtained by this
method are characterized by low porosity, high density
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and adhesive strength. In this case, mineral (from silicate,
aluminate and other rocks), oxides (including synthetic)
and metal powders can be used as raw materials. Various
metals and alloys, ceramics, building materials (based on
Portland cement and magnesia cement), glass, various
plastics and polymer glasses can be used as substrates.
Separately, it is worth noting the higher economic ef-
ficiency of this method compared to HVOF [8].

The key parameters in the process of detonation spray-
ing that influence the characteristics of the resulting coat-
ing are: the speed of passage of the gun nozzle along the
substrate, the spraying distance, the used combustible
gases, the morphology and thermophysical properties of
the initial powder used.

Many authors investigate the influence various pa-
rameters of detonation spray process on the properties
of the coatings [9—11]. In particular, the authors of [12]
study the effects of oxygen fuel rate on microstructure
of detonation sprayed coatings. Effects of plasma spray
parameters on TiO,-coated mild steel are reported in [13].
Effects of substrate temperature and precursor amount on
the properties including microstructure of TiO, thin films
are presented in [14, 15].

Phase composition of formed coatings can be con-
trolled by the condition of spray process [16]. An impor-
tant characteristic is the ratio of anatase and rutile phases
for coatings based on titanium dioxide [17].

In our recent paper [ 18], composite coatings based on
titanium oxides were successfully obtained by detonation
spraying and their microstructure, phase composition
and photocatalytic activity were investigated. The coat-
ing based on Ti—TiO, is photocatalytic coatings which
includes the nanosized particles abling to decompose
the molecules of many pollutants due to the formation
of H*, O*, OH~, decomposing organic matter into CO,
and H,O killing algae, fungi and bacteria under the ac-
tion of radiation, ultraviolet or visible spectrum [19, 20].

In this paper, we investigate the effect of detonation
spray technology condition of Ti—TiO, composite coating
on metal substrate. The detonation spray coating techno-
logy we use makes it easy to vary such parameters as the
distance from the nozzle to the surface (spray distance)
and the speed of nozzle passage. Finding the optimal val-
ues of the technological parameters of detonation spraying
make it possible to obtain coatings with the given phase
fractions of rutile and anatase necessary to ensure the
required photocatalytic properties.

Table 1
The elemental compositions of St3 and A57036 steels

METHODS AND MATERIALS

The hot-rolled carbon steel St3 (National Standard
380-2005, Russia) was chosen as the substrate for the
coating because the metal products made from St3 take
the leading place in terms of the volume of all consumed
ferrous metal. Note that steel grade A57036 (ASTM/
ASME, USA) is closest in composition to St3 steel.
A comparison of the elemental compositions of these
steels is given in Table 1.

Steel samples 4040 mm were made. The target sur-
face was degreased and sandblasted before spray pro-
cessing. The samples were processed in an air environ-
ment. We form the coatings with the thickness about of
100—150 um.

The titanium powder of PTS-1 grade (JSC Polema,
Russia) is used for spraying. A fraction of 40—60 um was
preliminarily selected by the sieve method. The results of
studying the granulometric composition of the titanium
powder of PTS-1 grade (particle size integral (dot line)
and differential (solid line) distributions) are shown in
Figure 1. The results of X-ray phase analysis of the tita-
nium powder are given in your previous paper [18].

Formation of the Ti—TiO, composite coating was car-
ried out using a robotic complex for detonation spray-
ing of coatings (IntelMashin LLC, Moscow, Russia)
equipped with a multi-chamber detonation accelerator
(MCDS) [21].

The fixed values of parameters of the coating depo-
sition by a robotic complex for detonation spraying of
coatings are following: barrel length is 300 mm, barrel
diameter is 18 mm, powder feed rate is 300 g/h. Flow rates
of fuel mixture components are following: air — 1.37 m*/h,
oxygen — 2.48 m*/h, propane (30 %) + butane (70 %) —
0.59 m3/h, (cylindrical form combustion chamber).

The spray distance and speed of nozzle passage are
varied parameters from 40 to 80, mm, and from 600 to
2000 mm/min, respectively. Five samples are sprayed
under each condition. The average values of 5 tests are
taken as the measurement results.

We control the microstructure of obtained coatings
by scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDS) using Tescan MIRA3
LMU (Czech Republic).

The study of the phase composition of the coating was
carried out using the ARL 9900 series X-ray fluorescence
spectrometer (Thermo Fisher Scientific, Basel, Switzer-

Si C Mn P Ni Cr Cu N As Fe

St3 0.15-0,3 0.14—0.22 0.4-0.65 | 0.05| 0.04 | 03 | 0.3 | 0.3 [0.008 | 0.08 | rest

A57036 — 0.25 0.9 0.05 | 0.04 — — 0,2 — — rest
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Fig. 1. The granulometric composition of the titanium powder of PTS-1 grade (particle size integral (dot line) and

differential (solid line) distributions)

land). Quantitative analysis of the proportion of identified
phases in X-ray diffraction studies was carried out using
the Rietveld method using Siroquantv.3 software.

RESULTS AND DISCUSSION

There are several mechanisms that characterize chang-
es in the phase fraction depending on the spray distance
and deposition rate in coatings. First of all, as the spray
distance increases, the temperature of the flow that hits
the substrate decreases. Also, the kinetic energy of the
powder particles decreases with an increase in the spray
distance. This reduces the temperature when the kinetic
energy of the powder transforms into thermal energy.

The speed of passage of the gun nozzle is also impor-
tant. As the speed increases, the exposure time of the flow
to the substrate surface decreases. During these processes,
phase transitions Ti — TiO_occur less intensely or do not
occur at all due to a decrease in temperature during coat-
ing formation.

The results of EDS and SEM analysis of the Ti—TiO,
composite coatings are presented in Figures 2—5. SEM
images with a visible field of 1000 and 5000 um (Fig-
ures 2—5, ¢, d) show a developed surface represented
mainly by titanium oxides with spherical titanium in-
clusions 5—25 um in size. When increasing to a visible
field of 100 um (Figures 2—5, b), a uniform distribution
of various phases (Ti—TiO ) with smooth transitions
is observed. At the same time, the surface structure is
more developed than in macro photographs, which is

due to the scattering of titanium particles when they hit
the surface.

The resulting “titanium splashes” tend to intensify
oxidation with the formation of higher titanium oxides
(TiO,, Ti,0,, Ti,O....). At the same time, at the points
of impact, films in the form of metallic titanium and its
lower oxides (Ti O, Ti,O...) are often visible, which is
evident from the smooth change in image shades between
metallic titanium and the higher oxide (TiO,).

This fact is also confirmed by EDS images presented
in Figures 2—5, a. These images show a chaotic distri-
bution of both titanium and oxygen. At the same time,
3 main shades are visually distinguishable in the images,
which are represented by: metallic titanium, titanium di-
oxides (anatase, rutile, brookite) and the transition phase
TiO_, where x = 0.7—1.3.

Results of SEM analysis allow obtaining the aver-
aged elemental composition of coatings from a visible
field of 1000 microns sprayed under different regimes.
In particular, the average fraction of titanium increased
by 1.8% (from 39.3 to 37.5%), and the average fraction
of oxygen decreased by 1.7% (from 62.3 to 60.6%) when
the deposition distance increased from 40 to 80 mm, at
a constant speed of passage of the detonation nozzle of
1500 mm/min. Consequently, doubling the spraying dis-
tance leads to an increase in the average fraction of tita-
nium by approximately 2% and a decrease in the average
fraction of oxygen by approximately the same amount.

The average fraction of titanium decreased by 4.7%
(from 48.0 to 43.3%), and the average fraction of oxy-
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250um

Fig. 2. EDS (a) and SEM images with visible field of 100 um (b), 1000 pum (c), 5000 um (d) of coatings obtained with
the speed of nozzle passage of 1500 mm/min, and the spray distance of 40 mm

the speed of nozzle passage of 1500 mm/min, and the spray distance of 80 mm
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250um

Fig. 4. EDS (a) and SEM images with visible field of 100 pm (b), 1000 um (c), 5000 um (d) of coatings obtained with
the speed of nozzle passage of 600 mm/min, and the spray distance of 60 mm

L

Fig. 5. EDS (a) and SEM images with visible field of 100 pm (b), 1000 um (c), 5000 um (d) of coatings obtained with
the speed of nozzle passage of 2000 mm/min, and the spray distance of 60 mm
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gen increased by 3.8% (from 51.8 to 55.6%) when the
speed of passage of the detonation nozzle increased from
600 to 2000 mm/min, at a constant deposition distance of
60 mm. Consequently, an increase in the speed of passage
of the detonation nozzle by more than 3.3 times leads to
a decrease in the average fraction of titanium and an in-
crease in the average fraction of oxygen by approximately

4—5%.

Such conclusions suggest the existence of a linear
dependence of the average fractions of titanium and
oxygen in the resulting coatings on such technological
spraying parameters as the spray distance and speed of
the nozzle.

The results of X-ray diffraction (XRD) analysis of the
coatings are presented in Figures 6 and 7. We take into
account the main phase composition of formed coating:
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Fig. 6. XRD patterns (intensity, a.u., versus 20,°) of coatings obtained with fixed speed of nozzle passage 1500,
mm,/min and different spray distance: a) 40 mm; b) 80 mm. Phase composition is presented in Table 2
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Fig. 7. XRD patterns (intensity, a.u., versus 20,°) of coatings obtained with fixed spray distance 60 mm, and different
values of speed of nozzle passage: a) 2000 mm/min; b) 600 mm/min. Phase composition is presented in Table 2
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rutile (TiO,), anatase (TiO,), titanium oxide (TiO), and
titanium (Ti) (see Table 2).

Figure 6 shows diffractograms of two coatings, which
formed with fixed speed of nozzle passage 1500 m/min,
and different spray distances 40 and 80 mm, respectively.
Figure 3 shows diffractograms of two coatings, which
formed with fixed spray distance 20, mm, and different
values of speed of nozzle passage 600 and 2000 mm/min,
respectively.

The results of XRD analysis of the coatings showed
that the relative intensity of the peaks changes signifi-
cantly the phase composition changes. This allows us
to conclude that the phase composition of the coating
changes depending on the detonation spray conditions.
The fraction of rutile exceeds the fraction of anatase in
the obtained samples except for the samples obtained with
the fastest nozzle passage.

Table 3 shows the material characteristics of the al-
lotropic species of titanium dioxide, in particular the lat-
tice parameters of the unit cell, as well as the types and
arrangements of atoms in the unit cell.

Figure 7 shows change in the phase composition of
the coatings formed under different values of the spray
distance and fixed the rest values of the spray process pa-
rameters (including fixed value of the speed of the nozzle
passage 1500 mm/min). We focus below on change in the

Nanobm

rutile fraction due to its importance in the composition
of photocatalytic titanium coatings [22, 23].

We find that the rutile fraction (Y,, %) monotoni-
cally decreases from 44.97 to 30.87% with an increase
in the spray distance (d, mm) from 40 to 80 mm. Three
segments of this dependence can be distinguished. The
rate of decrease in the rutile fraction is greatest at small
spray distances (segment 1 in Figure 8). Then, a slow-
down is observed in the middle of the dependence, when
the rutile fraction decreases slightly (segment 2 in Fig-
ure 8). The decrease in the rutile fraction accelerates
with a further increase in the spray distance (segment 3
in Figure 8).

We calculate the linear approximations of dependence
of the phase fractions ¥ (w = R for rutile fraction, w = A4
for anatase fraction, w = O for titanium oxide fraction,
w = T for titanium fraction) on the spray distance (mm):

Yw(d)zkw.d+ YwO’ (1)

where the values of parameter k and Y of Eq. (1) are
presented in Table 4. We plot Eq. (1) in Figure 8 (solid
straight lines) for each phase fraction. Here kw (%/mm)
is the average rate of the w-phase fraction changing with
the spray distance; Y (%) is the conventional value of
the w-phase fraction at zero spray distance.

Table 2
The phase compositions of coatings obtained in different spray regimes corresponding to the Figures 6 and 7
Phase compositions, % Speed of nozzle S -
Anatase Rutile TiO Ti PaSSALE: | gictance, mm | 8"
mm,/min
11.01 50.82 23.15 15.02 1500 40 6,a
29.69 33.25 18.43 18.62 1500 80 6,b
23.11 20.82 27.4 28.63 2000 60 7,a
28.25 33.93 19.78 18.04 600 60 7,b
Table 3
The material characteristics of the allotropic species of titanium dioxide
Anatase Rutile Ti TiO
COD number 96-900-8215 96-900-4142 96-900-8518 96-110-0043
Space group 141/amd(#141-1) P42/mnm(#136-1) P63/mmc(#194-1) A2/m(#12-4)
a, A 3.78920 4.59300 2.95000 5.85500
b, A 3.78920 4.59300 2.95000 9.34000
c, A 9.53700 2.95900 4.68600 4.14200
Volume, A3 136.9326 62.4220 35.3164 215.9890
a,”’ 90.0000 90.0000 90.0000 90.0000
B,° 90.0000 90.0000 90.0000 90.0000
v, ° 90.0000 90.0000 120.0000 107.5300
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Fig. 8. Dependencies of the phase composition of the
coatings formed under different values of the spray
distance and fixed the rest values of the spray process
parameters (including fixed value of the speed of the
nozzle passage 1500 mm/min; see main text for details)

Dependence of the rutile fraction Y (d) allows obtain-
ing that the average rate of the rutile fraction decreasing
with the changing spray distance is about of 0.31 %/mm
(coefficient of determination R*> = 0.887).

We observe that the anatase fraction does not change
significantly. It slightly increases with an increase in
the spray distance, within about of 5% from 19.21 to
25.65% (see Figure 8). The average rate of anatase frac-
tion increasing with the changing spray distance is about
of 0.118 %/mm (R?> = 0.45). The rest observed fraction
show a similar trend. They are slightly increases with an
increase in the spray distance too with average rates are
about of 0.079 %/mm (TiO, R*=0.36), and 0.112 %/mm
(Ti, R? = 0.85). Thus, the growth of the remaining frac-
tions is insignificant and amounts to about 5% with the
same growth rate about of 0.1 %/mm.

It is interesting to note that the sum of the all average
rates of the phase fraction changing is zero (see Table 4):
k,+k,+ k,+ k.= 0. Therefore, we can write relationship
between the average rates of the phase fraction changing
as follows: |k | =k, + k,+ k.

Nanobm

In addition, we note that the straight lines correspond-
ing to the dependences of the titanium and titanium oxide
fractions are almost parallel (see Figure 8), since k, ~ k..
This means that the increase in the fractions of titanium
and titanium oxide is almost the same.

We find that the best fit of experimental data of ru-
tile fraction dependence on the spray distance (markers
in Figure 8) is given by the inverse power law Y, (d) =
264.1/d"* (dash line in Figure 8) with the coefficient of
determination R? = 0.94. This dependence approximates
the experimental data better than the linear equation, for
which R?> = 0.887 (see Table 4, w = R).

In order to describe this equation, we suppose that the
rate of rutile fraction decreasing Y, (the prime indicates
the derivative of ¥, with respect to the spray distance d)
with the changing spray distance is proportional to ¥, and
inverse proportional to the spray distance. Therefore, we
can write following differential equation

)= _p YR 2
Yi(d)= bd (2

where b is the proportion coefficient.
The solution to Eq. (1) is given by

Y, (d) :%, 3)

where a is the integration constant.

We indicated above found using least square method
the values of @ = 264.1 mme« % and b = 0.48. The value
of coefficient of determination is close to one (R?> = 0.94).
This indicates that solution (3) of the formulated equation
(2) is adequately described by experimental data. Thus, we
propose the model of spray process sufficiently describ-
ing dependence of the rutile fraction with the changing
spray distance.

Figure 9 shows change in the phase composition of
the coatings formed under different values of the speed of
nozzle passage and fixed the rest values of the spray process
parameters (including fixed spray distance d = 60 mm).

We observe a nonmonotonic changing the rutile
fraction with an increase in the speed of nozzle passage
(s, mm/min). The maximum of rutile fraction is about
34.16% at s = 800 mm/min.

Two main segments of the experimental dependence
can be distinguished. The first segment is characterized

Table 4
The values of parameters k and Yw0 of Eq. (1)
Phase w k,, %/mm Y, % R?
Rutile R 55.31 0.887
Anatase A 0.118 16.14 0.449
TiO 0] 0.079 17.21 0.363
Ti T 0.112 11.33 0.852
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Fig. 9. Dependencies of the phase composition of the
coatings formed under different values of the speed of
the nozzle passage and fixed the rest values of the spray
process parameters (including fixed value of the spray
distance 60 mm; see main text for details)

by the growth of the rutile fraction to it maximum value
at small values of s (segment 1 in Figure 9). Then, a de-
crease in the rutile fraction from the maximum to 23.29%
is observed with a further increase in the speed of nozzle
passage from 800 to 2000 (segment 2 in Figure 9).

The second segment can be sufficiently approximated
by linear equation (solid straight line in Figure 9) Y, (s) =
41.39 — 0.01«s (R*> = 0.84), from which we obtain that
the average rate of rutile fraction decreasing is about of
0.01 % » min/m with the changing speed of nozzle passage
from 800 to 2000 mm,/min.

We find the parabolic equation (dash line in Figure 9)
Y (s) =23.08 +0.017¢s — 9+ 10~°« s> (R, = 0.84), which can
be used to fit of the experimental data (markers in Figure 9)
over all range of the speed of nozzle passage varying.

In order to describe this parabolic equation, we sup-
pose that the changing of rutile fraction occurs with nega-
tive constant acceleration Y”, (two primes indicate the
second order derivative of Y, with respect to the speed
of nozzle passage s) with the changing spray distance.
Therefore, we can write following second order differ-
ential equation

Y7 (s) = =24, “4)

where A is the acceleration constant.
The solution to Eq. (4) is given by

Y, =Y, —Ae(s—s, )2 (5)

where Y is the rutile fraction maximum at optimal
value of the speed of nozzle passage s, .

Using calculated above parabolic equation, we
find the following values of parameters of Eq. (5): 4 =
9+107°% « (min/mm)?, ¥ =34.19%, s, = 1110 mm/min.
The theoretical values of the maximum of the rutile
fraction and corresponding the speed of nozzle passage
calculated using Eq. (5) are in satisfactory agreement
with the experimentally observed values (34.16%, s, =
800 mm/min). Thus, we propose the model of spray pro-
cess sufficiently describing dependence of the rutile frac-
tion with the changing speed of nozzle passage.

CONCLUSION

We investigated experimentally the influence of the
technology conditions of detonation spraying of coatings
on its phase composition. We form the Ti—TiO, compos-
ite coating on hot-rolled carbon steel St3 substrate. We
varied the spray distance and the speed of nozzle passage
while the rest spraying parameters were fixed.

We found basing on obtained results of XRD analysis
that the phase composition of the coating changes de-
pending on the detonation spray conditions. We observed
that the fraction of rutile exceeds the fraction of anatase in
the obtained samples except for the samples obtained with
the fastest nozzle passage. Results showed that changing
the spray distance and speed nozzle passage did not sig-
nificantly affect the anatase fraction.

We found that the rutile fraction monotonically de-
creases with an increase in the spray distance with fixed
values of the rest parameters of spraying process. We
obtained that the inverse power law fits of experimental
dependence of the rutile fraction on the spray distance.

We observed a nonmonotonic changing the rutile frac-
tion with an increase in the speed of nozzle passage and
found its optimal values. We obtained that the parabolic
equation fits of experimental dependence of the rutile
fraction on the speed nozzle passage.

We proposed two new theoretical models of spray pro-
cess based on differential equations, the solutions to which
sufficiently describe dependencies of the rutile fraction
on the spray distance and the speed of nozzle passage
respectively. We showed that the theoretical values of the
parameters calculated using the formulated equations
are in satisfactory agreement with the experimentally ob-
served values. We found relationship between the average
rates of the phase fraction changing.

We believe that our results can be useful for optimiza-
tion of detonation spray technology to obtain the Ti—TiO,
based coatings with the given phase fractions of rutile and
anatase necessary to ensure the required photocatalytic
properties.
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