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bstract

n the present work, rutile powders containing additions of metallic silver (2.5 vol.%) were detonation sprayed in a reducing atmosphere formed
y gaseous detonation products of the C2H2 + 1.05O2 mixture. The initial volume of the C2H2 + 1.05O2 mixture – explosive charge – used for a
etonation pulse was computer-controlled as the fraction of the barrel volume filled with the mixture. Using a previously developed model of the
etonation process, the particle temperatures and velocities were calculated to explain the observed phase and microstructure development in the
oatings. With increasing explosive charge, the temperature of the sprayed particles increased and rutile was partially reduced to oxygen-deficient

iO2−x and then to Ti3O5. When the melting temperature of rutile was not reached, the coatings were porous; semi-molten particles formed denser
oatings obtained with higher spraying efficiency. Silver inclusions in the titanium oxide matrix experienced melting and substantial overheating,
ut remained well preserved in the coatings.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Possibilities of controlling the composition and microstruc-
ure of thermally sprayed coatings by variation of spraying
arameters attract attention of many researchers and coating
anufacturing engineers.1–4 For ceramic materials, partial or

omplete melting of the sprayed particles is necessary to provide
igh spraying efficiency and form coatings of good cohesion
etween the layers in a deposit and good adhesion to the sub-
trate. It is rather common for thermal spraying to deal with
ssues of oxidation of sensitive materials and the presence
f undesirable oxide phases reducing the quality of the sub-
trate/coating interface and influencing the properties of the

oatings. In this work, we show that it is possible to benefit from
he use of high temperatures if the spraying is conducted under

∗ Corresponding author. Tel.: +7 383 316 58 42; fax: +7 383 332 28 47.
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reducing atmosphere, and, instead of oxidation, a controlled
eduction process can be implemented.

The subject of this study is TiO2–2.5 vol.% Ag coatings
eposited on copper substrates from composite powders pre-
ared by solid-state mixing of titanium dioxide (rutile) and
lemental silver. Titanium dioxide has become the subject of
umerous investigations owing to its exciting properties, such
s photocatalytic activity5,6 and biocompatibility.7 Upon los-
ng oxygen, titanium dioxide becomes catalytically active due
o formation of crystallographic shear structures8 and works as

photocatalyst in visible light.9,10 Addition of metallic silver
articles to TiO2 improves its photocatalytic behavior11 and
mparts antibacterial properties to the composite material.12–14

n most applications, it is the surfaces of materials that should
xhibit antibacterial activity. TiO2–Ag coatings may protect cop-
er coils of air-conditioners preventing accumulation and growth

f bacteria on the coil surfaces.

The choice of the deposition technique for the TiO2–Ag
oatings is dictated by a lack of inherent plasticity in titanium
ioxide making it necessary to use thermal spraying as opposed

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.022
mailto:dina1807@gmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.022
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o cold spraying to efficiently deposit TiO2 layers well-bonded
o substrates. Most commonly, TiO2-based coatings are pro-
uced by plasma spraying and high-velocity oxy-fuel (HVOF)
praying.13,15–21 The appearance of anatase in the coatings
prayed from rutile powders has been previously addressed17,20

nd related to rapid cooling of the deposits upon impact. Reduc-
ion of TiO2 during plasma spraying has been reported, however,
o parameter has been proposed to control the content of sub-
xides or oxygen-deficient rutile in the coating.16,18,20

Recent developments in the detonation spraying make it
ttractive for producing dense coatings of good adhesion.1,4

n detonation spraying, the powder particles are fed into the
arrel of a detonation gun filled with an explosive gaseous mix-
ure. With the development of computer-controlled detonation
praying,4 it has become possible to precisely control the amount
f an explosive gaseous mixture in the detonation gun as well
s its chemical composition. In this work, we demonstrate that
uring detonation spraying of rutile in a reducing atmosphere,
he phase composition of the coatings can be controlled by the
mount of an explosive gaseous mixture. In order to rationalize
he observed phase changes and microstructure formation of the
oatings, we involve calculations of temperatures and velocities
f the sprayed particles.

. Materials and methods

Titanium dioxide (rutile, 99.999% purity, average particle
ize 30 �m) and silver (99.99% purity, average particle size
.5 �m) powders were used to prepare the powders mixtures
or the detonation spraying. The mixtures corresponding to the
iO2–2.5 vol.% Ag composition were ball milled in a high
nergy ball mill (AGO-type22) using a ball acceleration of
00 m s−2. The time of treatment was 5 min, the ball to pow-
er ratio was 20/1. Stainless steel vials and balls were used. The
urpose of ball milling was to form a composite structure in
he powders with a uniform distribution of Ag particles. The
ighest efficiency of deposition in the detonation spraying is
chieved when the sprayed particles are several tens of microns
n size.1 As will be shown below, the milled TiO2–2.5 vol.% Ag
owders contained a large fraction of very fine particles (less
han 5 �m in size) unsuitable for detonation spraying. A proce-
ure was developed to agglomerate the milled powders, which
ncluded mixing the powders with a 10 wt.% polyvinyl alcohol
PVA) water solution (the weight ratio of the PVA solution to the
owders was 3:7), drying the paste and sieving the dry product
hrough a 71 �m sieve.

A computer controlled detonation spraying (CCDS) facility4

as used to deposit the coatings. The barrel of the detonation
un was 850 mm long and 20 mm in diameter. Acetylene C2H2
as used as a fuel. The composition of the explosive mixture
as C2H2 + 1.05O2, which provided a reducing environment

or the sprayed particles due to the presence of hydrogen and
arbon monoxide in the detonation products.4 The fraction of

he volume of the gun barrel filled with the explosive mixture
as varied in the range of 30–60%. The powder injection point
as located 350 mm from the open end of the barrel. The injec-

ion was performed by a powder feeder. The spraying distance

o
i
v
e

ig. 1. XRD pattern of the TiO2–2.5 vol.% Ag powders used for detonation
praying.

as set at 150 mm. The coatings were deposited on copper sub-
trates 1 mm thick. The substrates were sand-blasted before the
eposition of coatings. The weight of the substrates before and
fter the deposition was accurately measured. The samples of
oatings were produced with 20 shots of the detonation gun.

The detonation gun used in this work produces a coating on
substrate with the following geometrical features: the deposit

onsists of a central spot about 20 mm in diameter and a periph-
ral area of reduced thickness of the coating. The coating has
uniform microstructure across the central spot. This central

rea was used to characterize the coatings. The microstructure
f the coatings was studied by Scanning Electron Microscopy
SEM) and Energy Dispersive Spectroscopy (EDS) using a
itachi-Tabletop TM-1000 Scanning Electron Microscope with
back-scattered electron detector. The XRD phase analysis of

he coatings was performed using an X-ray diffractometer (D8
DVANCE, Bruker) with Cu K� radiation.
In order to estimate the velocities and temperatures of the

articles at the exit point of the detonation gun, a previously
eveloped numerical model was used.23 This model has been
ecently validated both for particle velocity24 and tempera-
ure upon collision with a substrate25. The calculations were
erformed using the thermodynamic data for rutile26–28 and
ilver.27

. Results and discussion

XRD pattern of the milled TiO2–2.5 vol.% Ag powder (Fig. 1)
onfirms its two-phase structure. A large fraction of micron and
ubmicron sized particles in the mechanically milled powders
Fig. 2a) made them unsuitable for a direct use in the detonation
praying. In order to produce agglomerates 10–60 �m in size, the
owders were agglomerated with a PVA-binder. The morphol-
gy of the agglomerated TiO2–2.5 vol.% Ag powders is shown

n Fig. 2b. The powder agglomerates were strong enough to pro-
ide sufficient flowability of the powders, which is essential for
fficient injection of the powder into the gun barrel with a feeder.
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Table 1
Calculated temperatures (T) and velocities (V) of the TiO2–2.5 vol.% Ag particles exiting the barrel of the detonation gun. The calculations were performed for
particles 20, 40 and 60 �m in diameter and the distance traveled by the particles in the gun barrel equal to 350 mm.

Volume fraction of the barrel filled with
1.05O2 + C2H2 mixture, %

20 �m 40 �m 60 �m

V, m s−1 T, K V, m s−1 T, K V, m s−1 T, K

30 550 780 430 1320 360 1120
40 610 1600 510 1700 430 1400
5 0
6 0

T
o
i
h
p
t
b
t
3
m

F
a

e
d
t
e
m
o
t
b

0 690 212
0 680 265

The calculated temperatures and velocities of the
iO2–2.5 vol.% Ag particles exiting the barrel of the det-
nation gun are presented in Table 1. As the explosive charge
ncreases, the sprayed particles experience more intensive
eating. The calculations were performed for 20, 40 and 60 �m
articles showing that the particle temperature depended on
heir size. When the explosive charge is 50–60% of the gun
arrel volume, smaller particles are heated up to a higher extent

han larger particles, while at smaller explosive charges of
0–40%, the hottest particles are those of 40 �m in size. The
elting temperature of rutile (2123 K) was not reached at an

ig. 2. SEM images of the TiO2–2.5 vol.% Ag powders: (a) as-milled, (b)
gglomerated with PVA.
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xplosive charge of 30%. As was calculated for the average
istance traveled by the particles of 350 mm, the particle
emperatures did not reach the melting point of rutile at an
xplosive charge of 40%, either. However, according to the
odel used for the calculations, the difference in the location

f the starting point can be a source of significant deviations in
he particle temperature. While the average distance traveled
y the powder particles in the detonation gun was 350 mm,
ome particles could start their travel 300 mm or 400 mm from
he open end of the barrel. The temperature difference can be
everal hundred degrees and is greater for smaller particles
nd higher-temperature conditions. Despite this uncertainty in
he particle temperature, the calculations help rationalize the
bserved microstructures and determine the role of the molten
hases during deposition. So, if some 20 �m-sized particles
tart their travel in the gun barrel 400 mm from its open end,
hey partially melt.

The calculated particle velocities increase as the explosive
harge increases from 30 to 50%; at 60% there is a slight drop in
he particle velocity. This non-monotonous dependence of the
article velocity on the explosive charge has been previously

lucidated4 and is related to the relative position of the powder
njection point and the end of the barrel volume filled with the
xplosive mixture.
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were not found in the coating sprayed at an explosive charge
illed TiO2–2.5 vol.% Ag powder showing a shift of the (1 0 1) and (2 1 1) rutile
eaks in the patterns of the coatings deposited high-temperature conditions.

The phase composition of the coating sprayed using an explo-
ive charge of 30% does not show any significant differences
rom that of the sprayed powder (Fig. 3). Due to a limited thick-
ess of the coatings, some XRD patterns contain diffraction lines
f copper from the substrate. The mass of the material deposited
er 1 shot of the gun was 2.0, 5.0, 8.0 and 8.8 mg for explo-
ive charges of 30, 40, 50 and 60%, respectively, which shows
n increased efficiency of spraying with increasing explosive
harge.

In the XRD pattern of the coating deposited at an explo-
ive charge of 40%, the intensity of the main reflection of rutile
1 1 0) decreases compared to that in the pattern of the coat-
ng produced at an explosive charge of 30%. The (1 0 1) and
2 1 1) reflections broaden and shift to lower angles, as can be

een from an enlarged view in Fig. 4. The (1 0 1) and (2 1 1)
utile reflections also shift to lower angles in the patterns of
he coatings sprayed at an explosive charge of 50 and 60%.

o
4
c

Ceramic Society 32 (2012) 815–821

imilarly, a shift of rutile reflections in the direction of lower
ngles has been observed in the patterns of suspension plasma-
prayed TiO2 coatings.21 The reason of such changes is the
ormation of oxygen-deficient rutile in the reducing conditions.
ndeed, as was calculated by Koudriachova,29 lattice parameter
of the oxygen-deficient rutile increases up to 3% correspond-

ng to the maximum possible concentration of oxygen vacancies
n TiO1.9375. Lattice parameter calculations from the peak posi-
ions on the corresponding XRD patterns show that in the coating
eposited at an explosive charge of 60%, lattice parameter a of
utile increases 0.8% relative to that of the rutile phase in the
illed powder.
In the coatings deposited at an explosive charge of 50 and

0%, titanium suboxide, Ti3O5, appears as a product of TiO2
eduction according to the following reactions:

iO2 + (1/3)CO = (1/3)Ti3O5 + (1/3)CO2

iO2 + H2 = (1/3)Ti3O5 + H2O

The analysis of the observed changes in the intensities of
utile peaks in the patterns of the coatings did not allow us,
owever, to detect any preferred orientation of rutile, which was
eported by Li and Ding30 in the plasma sprayed TiO2. This
ay be due to the complexity of the processes occurring in the

etonation spraying under reducing conditions: melting, solidi-
cation and reduction reactions – all influencing the crystalline
tructure of TiO2. A peculiar feature of the coatings sprayed in
igh-temperature reducing conditions is the presence of signifi-
ant amounts of the Ti3O5 phase, as is concluded from the XRD
ata. The analysis of the peak positions of the Ti3O5 phase shows
hat the observed phase is the monoclinic �-phase previously
escribed in the literature.31–34 At room temperature, �-Ti3O5
s metastable and can be stabilized by doping.33 In the detona-
ion sprayed coating, this phase can form as a result of rapid
ooling. Owing to its most interesting properties – metal-like
onductivity and ability to undergo a room-temperature pho-
oreversible metal-semiconductor phase transition34 – �-Ti3O5
hase can be the target phase that modifies the electrical prop-
rties of the TiO2-based coatings. Therefore, it is important to
ontrol its content in the deposited layers by varying the spraying
arameters.

Particles, in which the melting temperature of rutile was
ot reached, form coatings with a porous structure (Fig. 5a
nd b). The coatings become denser and thicker as the explo-
ive charge increases (Fig. 5c–h). The growing thickness of
he coatings agrees well with an increased mass gain in the
amples after the deposition. The coatings obtained with semi-
olten and fully molten particles possess a lamellar structure

ypical for detonation sprayed coatings as is seen from the cross-
ectional view of the coatings. In the coatings formed by molten
articles, some flattened areas on the surface were observed
Fig. 6), which are direct indications of melting and solidifica-
ion processes occurring in the sprayed material. Flattened areas
f 30%, but occasionally detected at an explosive charge of
0%. In higher-temperature conditions realized at an explosive
harge of 50%, flattened areas covered up to about a half of the
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Fig. 5. SEM images of the surface and cross-sections of the detonation sprayed coatings obtained with different explosive charges: (a, b) 30%; (c, d) 40%; (e, f)
50%; (g, h) 60%.
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ig. 6. SEM image of the surface the detonation sprayed coating showing flat-
ened areas (explosive charge 50%).

oating surface. Interestingly, such flattened areas were only
arely found in the coatings formed at an explosive charge of
0%. Li et al.17 observed a disappearance of frozen splats on
he surface of the HVOF-sprayed TiO2 with increasing propane
uel flow and explained it by higher velocities of the sprayed
articles and higher kinetic energies forcing particles to dis-
erse upon impact with the substrate or previously deposited
ayers. In our case, particles sprayed at an explosive charge of
0% move more slowly than those at 50%. We believe that the
article temperature and the degree of overheating of the melt
re as important since they influence the viscosity of the molten
roplets. A droplet of a lower-viscosity melt is more likely to
isperse upon impact with the substrate.

Bright particles that are easily distinguished in the back-
cattered electron images of the surfaces and cross-sections of
he coatings correspond to the silver inclusions as was con-
rmed by the EDS analysis. On the surface of the coatings,
ilver particles are in a frozen droplet shape. Though silver par-
icles were molten in all conditions of spraying studied in this
ork, they were well preserved in the coatings and dispersed

nto fine droplets, which upon solidification formed submicron
nd nanoparticles. The silver inclusions located in the volume
f the coating can be accessed through remaining pores and act
s an antibacterial component.

. Conclusions

Thanks to the possibilities of varying the amount of an
xplosive gaseous mixture in Computer-Controlled Detonation
praying, the particle temperatures and velocities as well as
hase composition and microstructure can be controlled in a flex-
ble manner. Detonation spraying of composite TiO2–2.5 vol.%
g powders was performed in a reducing atmosphere varying

he amount of the explosive mixture C2H2 + 1.05O2. In a cold

ode of spraying, when the melting temperature of TiO2 was not

eached, the coating had the phase composition of the feedstock
owder. As larger volumes of the C2H2 + 1.05O2 mixture were
Ceramic Society 32 (2012) 815–821

sed, the particle temperature increased and TiO2 was reduced
o form oxygen-deficient rutile and �-Ti3O5. Silver inclusions in
he titanium oxide matrix were preserved after high-temperature
praying and formed spherical particles in the coatings. This
esearch has demonstrated that chemical reactions of reduc-
ion can be used as a tool of tailoring phase composition of
he detonation sprayed oxide coatings.
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