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INTRODUCTION

The past decade has seen the emergence of
engineered coating systems developed for the
next generation high-performance devices. First-
ly adopted as a means to enhance the high-
temperature behavior of materials, surface
protection has become one of the most advanced
fields of modern engineering.

The problem of electric erosion of the sur-
face of copper parts needs to be overcome in
high-current breakdown switches and rails of
electromagnetic accelerators. Copper also is used
in arc heater segments for heating air in indus-
trial chambers. Electric arc causes erosion of
the walls of the chamber. An effective way of
protecting the walls is to coat their surface.
These applications appear to warrant investi-
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Abstract

Microstructure development of  TiB2�Cu nanocomposite powders during cold and detonation spraying
was investigated. The powders were produced by self-propagating high-temperature synthesis (SHS) followed
by mechanical milling. A computer model was developed to calculate the temperatures during detonation
spraying. The change in the nanostructure of  the powders during spraying was studied: due to low
temperatures in cold spraying the size of  TiB2 particles in the coatings was well retained,  in detonation
sprayed coatings the growth of the particles was observed, the mode of spraying affecting the microstructure
and the size of the particles.

gations into Cu-based erosion resistant composite
materials.

Titanium diboride was proposed as a good
candidate material for erosion protection pos-
sessing high electrical conductivity and refrac-
tory properties, however, the attempts made
to deposit TiB2 directly on copper substrates
have been proven unsuccessful due to poor
wettability of copper to TiB2 [1]. Interfacial de-
cohesion in TiB2�Cu system is attributed to the
fourfold difference between the thermal expan-
sion coefficient of TiB2 and that of Cu. There-
fore, TiB2�Cu coatings are required to over-
come this problem. In our previous studies, we
have shown that TiB2�Cu nanocomposites are
much more resistant to electric erosion than
pure copper and their degradation proceeds
through copper evaporation rather than flow
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of molten droplets from the surface. The former
process is more preferable for prolonged service
life of the electrode [2�4]. However, synthesiz-
ing composite materials for developing desired
properties is only a part of the problem: devel-
oping advanced materials for practical compo-
nents can be another challenge. So, in this work,
we conducted a comparative study of the mi-
crostructure of TiB2�Cu coatings produced by
cold and detonation spraying in order to find
conditions for the formation of  nanostructured
coatings.

EXPERIMENTAL

Ti�B�Cu powders were milled and then ig-
nited to initiate self-propagating reaction to form
titanium diboride. The details of the synthesis
are presented in [2, 5, 6]. The product of SHS-
reaction was then mechanically milled to de-
crease the size of titanium diboride particles.
In the final product,  the size of  titanium di-
boride particles was 50�100 nm.

As-milled n anocomposite powders were
sieved. For cold spraying, composite powder
particles less than 40 µm in size were separat-
ed. For detonation spraying,  the powders with
size (x), where 40 < x < 70 µm, were used.

The cold spraying experiments were per-
formed in the mode of jet impact on a substrate
normally used for coating application by gas-ther-
mal methods. In this work,  air with stagnation
pressure of 1.6 MPa and temperature 673 K was
used as a carrier gas. The velocity of the parti-
cles was in the range of 450�580 m/s depend-
ing on the size of a particle.

The detonation coatings were obtained in
three modes differing in atmosphere of spray-
ing and particle temperature and velocities.
Acetylene gas was used as a fuel. In mode 1,
detonation products were reducing (the initial
mixture was C2H2 + O2). In mode 2, in order to
create an oxidizing atmosphere, stoichiometric
mixture C2H2 + 2.5O2 was used so that the con-
tent of  oxygen in the detonation products was
24 at. %. Composition of  the detonation prod-
ucts in mode 3 was reducing as in mode 1, but
thermal and dynamic effects on the powder
were essentially raised. TiB2�Cu powders were
sprayed on a copper substrate in both methods.

The microstructure of the coatings was in-
vestigated using Field Emission Scanning Elec-
tron Microscopy (FE SEM) carried out with
JSM-6500F microscope.

The samples were cross-sectioned, cold
mounted, polished and etched with the solution
containing FeCl3. The latter was prepared using
10 g FeCl3 ⋅ 6H2O, 3 ml of concentrated HCl
and 100 ml of distilled water. The samples were
immersed in the etching solutions for 2 min.

Vickers hardness measurements of the coat-
ings were carried out using MVK-H1 Hardness
Testing Machine. The load was 25 g.

RESULTS AND DISCUSSION

The use of blended powders for spraying
composite coatings produces a microstructure
with clearly different phases due to different
behaviour of each type of particles during
spraying process. When agglomerated/sintered
powder is used, the microstructure shows a
more uniform aspect suggesting that all the
powder particles behave in a common way [7].
It is evident that a composite microstructure
of powders to be deposited should be devel-
oped prior to spraying. The methods of me-
chanical milling can be useful in preparing
nanocomposite powders of  the uniform micro-
structure containing phases dramatically differ-
ing in mechanical and chemical properties.
Therefore, in this work, the powders with the
in situ developed composite microstructure were
used [2].

Unlike high-temperature spraying methods,
cold spraying may result in the formation of
coatings at moderate and low temperatures [8].
Cold spraying,  also termed cold gas dynamic
spray, has emerged upon the horizon of ther-
mal spray technology in the past few years.
Typical feature of this process in comparison
with the conventional thermal spray techniques
is that a coating is formed by completely solid
particles of low temperature and high velocity
on impact. High velocity of particles (300�
1200 m/s) is a principal factor determining the
formation of coatings. It can be employed to
produce high-quality metallic coatings without
any noticeable oxidation. The low temperature
characteristic also makes it possible to deposit
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coatings without deteriorating the microstruc-
ture of  the starting feedstocks such as nano-
structured feedstocks.

Figure 1, a presents the evidence of dense
and uniform structure of the cold sprayed TiB2�
Cu coating. It was estimated that the tempera-
ture of the particles and the substrate during
the spraying did not exceed 473 K (estimated val-
ue). Due to such a low temperature, the particles
did not show any increase in size during the dep-
osition and in fact the size of titanium diboride
particles was well retained (see Fig. 1, b).

Although far from new,  the detonation
spraying is widely used and studied as one of
the methods of producing coatings, which are
resistant to friction wear and erosion. Among
the other thermal methods,  detonation spray-
ing is well known for the possibility of flexible
control of gas action on a material to be depos-
ited. The pulse principle of  the process may
have varying dynamic and thermal effects on

particles in such a wide range that for a typi-
cal value of particle velocity 500 m/s the tem-
perature of the particles may change from 500
to 3000 K. By varying fuel to oxidizer ratio, it
is possible to change a chemical action on a
material being sprayed, so that the process can
be carried out in either active oxidizing or re-
ducing atmosphere.

In this work, a computer numerical model
was used [9] to calculate the temperature and
velocity of particles at the time of coating for-
mation. Dynamics of  acceleration and evolu-
tion of the temperature of the powders (for
the particles of the average size 55 ìm) in det-
onation spraying are illustrated in Fig. 2,  a,  b,
respectively. The impact velocity in mode 3 was
25 % higher than that in mode 1. The lowest
impact velocity was achieved in mode 2. In
mode 1, the maximum temperature of the par-
ticles of the average size reached copper melt-
ing point (see Fig. 2, b, curve 1). In mode 2, the
thermal effect sharply increased compared to
mode 1,  while the dynamic action on the pow-
der was less intense. The temperature diagram
shows that in modes 2 and 3, melting of copper
and heating of the melt continued in the sprayed
particles (see Fig. 2, b, curves 2 and 3).

Figure 3, a�g shows the SEM images of the
detonation sprayed coatings. Spraying in modesFig. 1. General view (a) and microstructure (b) of TiB2�

43 vol. % Cu cold sprayed coating.

Fig. 2. Velocity (a) and temperature (b) of the particles in
the barrel of  the detonation gun.
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1 and 2 resulted in the formation of dense coat-
ings of  lamellar structure typical for detona-
tion sprayed coatings (see Fig. 3, a, b, d, e).
Titanium diboride particles 100�200 nm in size
were observed in the coatings sprayed in mode
1 (see Fig. 3, c). In the case of the coatings
sprayed under mode 2, well crystallized parti-
cles of titanium diboride 500 nm in size could
be found (see Fig. 3, f). Some macrodefects were
observed in the coating (see Fig. 3, d) due to
melting of copper in the particles. So, in deto-
nation sprayed coatings,  the size of  particles
increased compared to that in the powders due
to high temperatures involved, the mode of
spraying greatly affecting the microstructure.
High velocities of the molten particles in mode
3 resulted in the formation of copper pools and
separation of the phases in the microstructure
of the coating (see Fig. 3, g).

Cold sprayed coatings showed higher hard-
ness compared to detonation sprayed coatings

due to the uniform fine-grained structure (Ta-
ble 1). By comparing the hardness of the deto-
nation coatings sprayed under modes 1 and 2,
it can be concluded that the growth of the par-
ticles under high-temperature conditions result-
ed in the decrease in the hardness of coatings.

CONCLUSION

Nanocomposite powders containing titanium
diboride particles 50�100 nm in size distribut-
ed in copper matrix were deposited on a cop-
per substrate by cold and detonation spraying
techniques. The powders were produced by self-
propagating high-temperature synthesis (SHS),
followed by mechanical milling.

TABLE 1

Hardness of TiB2�43 vol. % Cu coatings

Spraying technique Vickers hardness

Cold 378

Detonation (mode 1) 332

Detonation (mode 2) 270

Fig. 3. General view (a, d, g) and microstructure (b, c, e, f) of TiB2�43 vol. % Cu
detonation sprayed coatings: a�c � spraying mode 1;  d�f �  spraying mode 2;
g � spraying mode 3.
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Microstructure of the coatings was studied
in order to evaluate the possibility of  nano-
structure retention of the powders in the coat-
ing layers. Cold sprayed TiB2�Cu coatings were
dense and uniform, and the size of titanium
diboride was well retained. In the case of deto-
nation sprayed coatings,  the size of  the parti-
cles grew compared to that in the powders and
the coatings exhibited particular lamellar struc-
ture. Depending on the mode of  detonation
spraying, 100�200 and 500 nm well crystallized
particles of TiB2 were found in the coatings.
When the temperature and velocity of the par-
ticles in detonation spraying were increased,
copper pools and non-uniformities formed in the
microstructure. Cold sprayed coatings showed
higher hardness compared to deton ation
sprayed coatings.

In the development of this research, TiB2�Cu
nanocomposite coatings of  different phase ra-
tio are being tested for resistance to electric
erosion and the results of these studies will be
reported elsewhere.

Acknowledgements

This work was supported by Integration Project
No. 106 from the Siberian Branch of the Russian
Academy of Sciences (2006�2008) and Lavrentiev
grant for young scientists (2006�2007).

REFERENCES

1 A. Agarwal, N. B. Dahotre and T. S. Sudarshan, Surf.
Eng., 15 (1999) 27.

2 D. V. Dudina,  O. I. Lomovsky,  M. A. Korchagin and
V. I. Mali,  Chem. Sust. Dev.,  12 (2004) 319.
http://www-psb.ad-sbras.nsc.ru/English/csde.htm
3 J. S. Kim, Y. S. Kwon,  D. V. Dudina et al.,  J. Mat. Sci.,

40 (2005) 3491.
4 O. I. Lomovsky,  V. I. Mali,  D. V. Dudina et al.,  Inorg.

Mat., 42 (2006) 739.
5 Y. S. Kwon,  D. V. Dudina,  M. A. Korchagin et al.,
J. Metast. Nanocryst. Mat., 15�16 (2003) 253.
6 J.-S. Kim, Y.-S. Kwon, O. I. Lomovsky et al., Mat. Lett.,

(2006) in press.
7 I. Fagoaga, J. L. Viviente, P. Gavin et al., Thin Solid

Films, 317 (1998) 259.
8 A. P. Alkhimov,  V. F. Kosarev and A. N. Papyrin,  Dokl.

AN SSSR, 315 (1990) 1062.
9 T. P. Gavrilenko, Ju. A. Nikolaev, V. Yu. Ulianitsky

et al., in: Proc. Int. Thermal Spray Conf., France, Nice,
1998, p. 1475.


