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Abstract—It has been demonstrated that, with application of plasma methods of treatment of the surface of
titanium alloys with subsequent selective chemical etching (on the example of the VT1-0 alloy), a micropo-
rous titanium–based structure is formed. The results of laser and electroarc treatment of the surface have
been presented, and its composition, size, and pore structure have been determined.
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INTRODUCTION
The increased interest of researchers is attracted to

the possibility of producing porous structures based
on ceramic materials and metals and their carbides,
which is caused by the extensive application of porous
materials in different fields as filtering elements, lining
and thermoinsulating materials, materials with porous
cooling, gas separators, catalyst supports, and medical
implants [1–5]. The latter is of special importance
related to the use of titanium alloys as a base due to the
combination of their biocompatibility parameters and
corrosion and mechanical properties. A porous struc-
ture is an important factor for a surgical implant, since
it increases the implant specific surface area, which
promotes deeper ingrowth of the bone tissue, thus
providing high strength of attachment of bone struc-
tures to the implant [6].

To fabricate titanium-based microporous materials,
different methods are used [7–9]. The most thor-
oughly studied and widely used ones are those of pow-
der sintering [10, 11] and self-propagating high-tem-
perature synthesis (SPS) [12, 13]. The method of
microarc oxidation (MAO), which allows formation of
porous coatings on the titanium surface, has been
already successfully applied for these purposes for
20 years. The former two methods are relatively power-
consuming, whereas, with the use of MAO, porosity
characterizes not the base itself, but the formed oxide
layer, the strength of adhesion of which to the base sig-
nificantly depends on oxidation conditions and elec-
trolyte composition and is, in many cases, insufficient
for practical application [14]. Moreover, the surface
treatment may result in a decrease of the fatigue resis-

tance of the titanium alloy by 25–30% [15]. The
authors of [16] noted an insignificant decrease of the
cyclic strength of α-alloys upon MAO.

The authors of [17] suggested a different approach
to producing microporous structures on titanium
alloys consisting in plasma treatment of the surface
with formation of a composite layer based on Ti–TiC
and subsequent chemical etching of titanium carbide
grains. The objective of the present work consisted in
studies of methods of formation of surface layers on
titanium alloys with different pore sizes and structures.

EXPERIMENTAL
Electroarc treatment of samples made of VT1-0

(cathodes) of a size of 40 × 10 × 4 mm was carried out
using graphite electrodes (anodes) in a 0.1–0.2%
aqueous solution of NaCl. The distance between elec-
trodes was no larger than 1 mm; the current strength in
the circuit was 70–90 A. A TiG 200AC/DC welding
machine was used as a current source. Thereafter, the
samples were polished using a polishing device (a
maximum of 0.3 mm of the surface was removed).

For laser surface treatment, a YAG–Nd laser
device with a maximum average power of 100 W, spot
diameter d = 0.6 mm at a wavelength of λ = 1.06 μm,
and pulse frequency ν = 100 Hz was used. The treat-
ment was carried out in a chamber with continuous
argon feed. The TiC powder (chemically pure grade)
was preliminarily deposited on the sample surface. For
reliable powder fixation on the surface, the molten
rosin was used as a binding component: rosin was
heated until melting, the TiC powder was dissolved in
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it, and the obtained mixture was deposited on the
sample surface. Upon mixture cooling, a glasslike
coating formed on the samples surface and, thereafter,
underwent laser treatment.

The surface was studied using a Hitachi S5500 high-
resolution scanning electron microscope with a
Thermo Scientific attachment for energy-dispersive
analysis and an EVO-50XVF scanning electron micro-
scope with an INCA 350 Energy accessory. The X-ray

diffraction analysis was performed using a Bruker D8
ADVANCE diffractometer in CuKα radiation: the
obtained X-ray images were deconvoluted using an
EVA program with a PDF-2 powder database.

Sample etching was carried out in concentrated
nitric acid (analytical grade).

RESULTS AND DISCUSSION
According to the data of X-ray diffraction analysis,

upon electroarc treatment, on the sample surface prior
to polishing (Fig. 1a), one observes, aside from peaks
corresponding to titanium and rutile phases, five
clearly expressed peaks around 2θ = 36°, 42°, 61°, 72°,
and 76° corresponding to the (111), (200), (220), (311),
and (222) planes of the titanium carbide phase,
respectively [18].

Rutile forms on the surface upon sample cooling at
the moment of shut-off of the arc impact [19]: in the
case of an aqueous electrolyte, local volume tempering
occurs automatically. Upon further sample polishing,
a thin rutile layer is removed, while Ti and TiC remain
(Fig. 1b). Characteristic appearances of the treated
surface before and after polishing are shown in Fig. 2.

It is worth mentioning that X-ray images of differ-
ent samples contain a shift of peaks corresponding to
titanium carbide, which is related to changes in the
TiC crystal lattice period. Changes in the parameters

Fig. 1. X-ray images of treated titanium samples:
(a) before polishing, (b) after polishing (d—TiO2 (rutile),
j—Ti, х—TiC). 
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Fig. 2. Microphotographs of the surface of treated samples: (a, b) before polishing; (c, d) after polishing. 
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of the titanium carbide lattice can be explained both by
its carbon-related defects and by the presence of
admixtures [20]. The period of the lattice of the
formed TiC phase corresponds, in different cases,
both to stoichiometric titanium carbide not containing
oxygen and other admixtures (а0 = 4.326 Å) and to a

nonstoichiometric one or one containing admixtures
(а0 = 4.3300, 4.317 Å). However, since only Ti and C

without foreign admixtures are identified by energy-
dispersive analysis of the surface, this inconsistency
must be explained by the varying stoichiometry of the
formed TiC phase.

Studies of the microstructure of the treated surface
[21] enabled us to establish that a heterogeneous
microstructure consisting of TiC grains randomly dis-
tributed in the titanium matrix is formed in the alloy
surface layer at a depth of down to 2 mm during elec-
troarc treatment of titanium alloys by a graphite anode

(Fig. 3). The grain sizes vary from dozens of nanome-
ters to dozens of microns, but the most characteristic
grain sizes are in the range of 1–10 μm. Such a micro-
structure promotes a significant increase of the alloy
antifriction properties, as well as its resistance to oxi-
dation [22].

To study the produced microstructure, works on
selection of an optimal composition of the etching
solution were performed [23]. As a result, it was estab-
lished that, in the course of etching, for a Ti–TiC-
based composite layer titanium carbide grains were
completely etched from the surface by nitric acid solu-
tion, whereas the titanium matrix remained in the
intact state due to its capability for passivation in such
a solution. Therefore, the above treatment yields the
formation of a microporous structure with the most
characteristic pore sizes of 1–10 μm on the surface of
titanium alloy (Fig. 4).

Fig. 3. Treated surface of the alloy after removal of titanium matrix (TiC grains of sizes from 1 to 10 μm are distinguishable) [22]. 
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Fig. 4. Porous microstructure of the titanium alloy surface upon treatment.
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The element composition of the surface upon
treatment is represented by titanium with an insignifi-
cant quantity of the residual carbon (up to 3 wt %).

To implement the above approach to producing a
microporous structure of a titanium alloy surface,
laser surface treatment in an argon-filled chamber
using the TiC powder was applied as well. During such
treatment, particles of a refractory powder are known
to penetrate into the support surface layer that has
been melted by a laser beam. The layer depth can vary
from dozens of microns to a few millimeters, depend-
ing on the radiation power, beam diameter and dis-
placement velocity, and support material physical
properties [24]. In our case, at a laser power of 90 W
and beam diameter of 0.6 mm, the molten layer depth
did not exceed 300 μm.

Upon surface treatment of the titanium alloy with
subsequent etching of TiC grains, a surface micro-
structure that was similar, according to a visual assess-
ment, to that obtained by the electroarc treatment was
produced (Figs. 5a, 5b). However, as seen from SEM
images, in the case of laser treatment, the distribution
of pores over the sample surface is less homogeneous
than in the case of electroarc treatment. Moreover,
application of an arc discharge yields more complex
pore shapes of a dendrite structure (Figs. 5c, 5d),
which is important for surgical implants [6].

The advantages of laser treatment include the pos-
sibility of adjusting the thickness of the molten layer by

varying the laser power and the variation of pore sizes
using powders of different fractions.

CONCLUSIONS

To sum up, plasma treatment of titanium alloy with
subsequent etching on the alloy surface produces a tita-
nium-based microporous structure. The characteristic
pore size under electroarc treatment by a graphite anode
in an aqueous electrolyte is in the range of 1–10 μm,
whereas sizes are determined by the fraction of the used
powder in the case of laser treatment.

The advantages of the above approach include its
power consumption efficiency in comparison with
powder methods and the possibility to produce a
microporous structure on a pure titanium surface.
Moreover, in the case of an arc discharge, a complex
configuration of pores with developed internal sur-
faces is provided due to etching of dendrites of differ-
ent shapes, which serves as an important factor for
osteointegration. However, further systematic studies
are required to assess the efficiency of producing
porous structures on titanium alloys by means of
plasma treatment.
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