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Abstract—A microporous structure with controlled thickness of the porous layer and pore sizes has been pre-
pared on the surface of VT titanium alloy by laser surface alloying of TiC powders and subsequent selective
etching. It has been shown that the use of relatively coarse titanium-carbide powder particles, 80—100 pum,
and the increase in the laser-beam speed to 20 mmy/s allow us to form the uniform nanoporous substructure

on the internal surfaces of pores.
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INTRODUCTION

Porous materials based on ceramic materials, met-
als, and their carbides are widely used in mechanical
engineering, metallurgy, aircraft, chemical, and other
industries as filtering elements, lining, heat-insulating
and transpiration-cooling materials, gas separators,
catalyst supports, and sensors [1—5]. The extended-
surface materials are also used to grow marine cultures
[6]. Medical implants are no less promising and
require the application of porous materials. A porous
structure is an important feature for a surgical implant
since a porous structure increases the specific surface
area and favors the deeper integration of osseous tis-
sue, which ensures adhesion strength between the
osseous structures and implant [7]. Due to the combi-
nation of biocompatibility and corrosion-resistant and
mechanical properties, titanium and its alloys are the
main structural materials used in manufacturing
implants. The toxicity of some metals, such as Ni, Cr,
Co, and V [8], makes their presence in implant com-
positions impossible and determines the application of
pure titanium.

Among the wide variety of methods for preparing
microporous titanium-based structure, powder tech-
niques, such as vacuum diffusion sintering [9, 10],
self-propagating high-temperature synthesis (SHS)
[11, 12], and pulsed current sintering [13] are widely
used due to their practiced procedures and standard
equipment. Other approaches to manufacturing tita-
nium microporous materials are available. According
to the data of [14], a frame preliminarily formed from
a 0.4-mm-thick molybdenum wire was impregnated

with the titanium melt in a vacuum. After cooling the
prepared composite, the molybdenum frame was sub-
jected to selective etching, which in the formation of a
porous article. According to the data of [15], a porous
structure of ternary Ti—13Zr—13Nb titanium alloy was
prepared by electrochemical reduction of prelimi-
narily sintered titanium, zirconium, and niobium
oxides with the CaCl, melt. The relatively high energy
consumption of the above methods and high costs of
equipment and starting components also determine
the search for alternative approaches to forming
microporous titanium-based materials.

According to the data of [16, 17], the micro- and
nanoporous structure of titanium implants can be pre-
pared by sandblasting their surfaces and subsequent
acid etching. Titanium-based porous materials can be
prepared using a mixture of fine-grained titanium
alloy powders and various organic bindings [18]. An
exciting and promising method that has received spe-
cial attention in recent years consists in the layer-by-
layer growth of porous article of a near-net shape using
3D printing and titanium powders. A powder can be
melted using electron beam melting (EBM) [19, 20]
and selective laser melting (SLM) [21].

Another approach to the formation of microporous
structures on titanium alloys was suggested in [22],
which consists in the plasma treatment of the surface
to form a Ti—TiC-based composite and the subse-
quent selective etching of titanium carbide grains. An
analogous approach was applied in [23] using both
electric-arc treatment and laser irradiation. In the
present paper, we report data on the formation of
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Fig. 1. X-ray diffraction patterns taken for the titanium
alloy surface subjected to (a) laser treatment and (b) subse-
quent etching; symbols (o) and (A) correspond to Ti and
TiC, respectively.

micro- and nanoporous titanium surface using laser
treatment. Some peculiarities and advantages of the
approach are noted.

EXPERIMENTAL

VT1-0 alloy samples 40 X 40 X 2 mm in size were
subjected to treatment by a laser beam moved along
the surface; at the same time, a TiC powder was fed,
and the melt was blown with argon. The TiC powder
was fed coaxially by transporting-gas (argon) jet and
was melted together with the substrate by a laser beam.
We used two titanium carbide powders that differ in
particle size, including titanium powders of less than
50 um (TU 6-09-5050-82) and 80—100 um (TU 3989-
002-12606601-2006) in particles size. The laser sur-
face alloying of powder is classified as an additive pro-
cesses and, according to the ASTM F2792-12a stan-
dard, can be classified as directed laser deposition.

The sample surface was subjected to treatment
using a universal robotized complex for the laser sur-
face alloying of powders, which consists of a
KUKAKR 30-3HA robot, a KUKA KRC4 control sys-
tem, a KUKADKP-400 positioner, and the LC-1-K
ytterbium fiber laser of 100—1000 W in continuous
laser-irradiation power (the wavelength is A = 1070 um).
The following treatment parameters were used. The
diameter of a laser beam at the treated surface is
0.6 mm, the laser-beam shift step between passes is
0.5 mm, and the distance between the nozzle surface
and the treated object is 10 mm. The laser irradiation
power P and laser-beam linear speed along the surface
V] are variable parameters. During treatment, the used
parameters are P = 300, 400, and 500 W and V; = 10
and 20 m/s.

After treatment, sections of samples were prepared
and subjected to selective etching using analytical-
purity concentrated nitric acid. The surface was stud-
ied by scanning electron microscopy (SEM) using a
Hitachi S5500 scanning electron microscope
equipped with a Thermo Scientific energy-dispersive
analyzer, a ZeisEVO 40X VP scanning electron micro-
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scope equipped with an INCA 350 Energy analyzer,
and an METAM LV4l1 optical inverter microscope.
The average pore size and composite layer thickness 4,
were estimated using graphical options of software
available for the above instruments.

X-ray diffraction analysis was performed using a
Bruker D8 ADVANCE diffractometer and CuKo
radiation; X-ray diffraction patterns were processed
using EVA software and the PDF-2 database.

RESULTS AND DISCUSSION

Figure 1 shows X-ray diffraction patterns for tita-
nium samples subjected to surface laser treatment with
titanium-carbide powder and subsequent selective
etching. It is obvious that, in the course of laser treat-
ment, titanium carbide particles enter into the tita-
nium surface layer, and the Ti—TiC-based composite
forms. This is indicated by reflections of both titanium
and titanium carbide (Fig. 1a). Subsequent etching
with nitric acid leads to the dissolution of TiC grains;
in this case, only titanium is identified on the surface
(Fig. 1b).

After the chemical etching of titanium carbide
grains, the titanium surface is characterized by clearly
observed porosity. It was noted in [23] that the thick-
ness of the modified layer 4. can be controlled by vary-
ing the laser irradiation power and the speed of the
laser beam. Figure 2 shows SEM images of the cross
sections of surface layers prepared under different
conditions using titanium carbide powder with a par-
ticle size of less than 50 um.

It follows from the electron micrographs that,
when using fine-grained TiC powder with an average
particle size of less than 50 um, the pore morphology
and size remain unchanged under different treatment
conditions, whereas the layer thickness varied in pro-
portion to the irradiation power P and laser beam
speed of 200—300 (at P =400 W and V; = 20 mm/s,
Fig. 2a) to 350—600 um (P =500 W and V;= 10 mm/s,
Fig. 2d).

By comparing the Ti—TiC-based composite layers
prepared by electric arc [23] and laser techniques, it
should be noted that, in the case of electrical arc tech-
nique, the layer thickness can reach 1—2 mm and is
difficult to control. Upon the selective etching of thick
composite coatings, the penetration of the etching
solution to the bottom of the layer is difficult due to
the high dispersivity of titanium carbide grains. This
can result in the presence of residual brittle titanium
carbide phase under the porous layer formed after
etching. This negatively affects the strength properties
of the article. Therefore, to form a porous layer on the
titanium surface that is free of residual carbides, the
composite layer should be etched completely over its
entire thickness; therefore, the composite layer should
be relatively thin. Taking into account the maximum
TiC grain size, which in the present study is 100 um,
the layer thickness should be hundreds of microme-
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Fig. 2. Microstructure of surface layers formed on titanium under different conditions of laser treatment: (a) P =400 W, | =
20 mmy/s, A, = 200—300 um; (b) P =400 W, V;= 10 mm/s, i, = 210—390 um; (c) P =500 W, V=20 mm/s, h, = 290—375 um;

and (d) P= 500 W, ¥; = 10 mm/s, h, = 350—600 um.

ters. The possibility of controlling the thickness of the
modified layer favorably compares the laser surface
treatment with the electrical arc treatment.

The possibility of controlling the pore sizes of
porous coatings is another advantage of laser treat-
ment used to form a porous coating. In the case of
electric arc treatment, whatever the treatment condi-
tions (a current range is 30—100 A), the characteristic
size of the formed pores is 1—10 um, whereas in the
case of laser treatment, the pore size is determined by
the used powder fraction (powder particle size).
According to data given in Fig. 2, the pore size varies
on average from 1 to 10 um, although the length of
individual dendrites, which are likely to result from the
dissolution of titanium carbide grains in the titanium
matrix, reaches 70—100 um.
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When a coarse TiC powder with an average particle
size of 80—100 um is used, a porous layer with the cor-
responding shape and pore sizes can be prepared
(Fig. 3).

It should be noted that the pore distribution over
the sample surface can also be controlled by varying
the laser-treatment parameters, such as the volume of
supplied powder, pressure of the carrier gas, and the
distance between the nozzle plane and treated object.

In the course of the formation of porous layers that
differ in the pore sizes on the titanium surface, it was
found that, when the fine-grained powder of titanium
carbide (with a particle size of less than 50 um) is used,
the sizes of pores formed after subsequent etching
approximately correspond to the sizes of powder par-
ticles (Fig. 2). At the same time, when the relatively
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Fig. 3. (a, b) Optical and (c, d) SEM images of the surface of titanium samples subjected to laser treatment with TiC powder

80—100 um in particle size and subsequent etching.

coarse TiC particles (80—100 um) are used, along with
pores that correspond in size to those of the particles,
a uniform network of nanosized pores is formed on the
internal surfaces of the pores that remain after the dis-
solution of the carbide grains. This two-level pore struc-
ture, i.e., nanosized pores formed on the internal sur-
faces of micropores, can be considered a nanoporous
substructure. In this case, pores are formed between the
basic large pores formed on the titanium sample sur-
faces, the sizes of which are smaller by 1—2 orders of
magnitude than that of basic pores (Figs. 4a, 4c).

The average sizes of small pores on the outer sam-
ple surface and the internal surfaces of large pores
range from 500 nm to 3—5 wm and 200—500 nm,
respectively. According to the data of energy-disper-
sive analysis, the surfaces between and inside of pores
(see Table 1) contain carbon, which likely indicates
the partial dissolution of TiC in titanium, and free car-
bon present in the starting powder. Negligible contents
of nitrogen and oxygen in the surface composition
indicate the reaction between the surface melt and air
despite that the treatment was performed in an inert
atmosphere.

The formation of a porous substructure on the
internal surfaces of large pores upon the laser treat-
ment of a titanium surface is explained by the peculiar-

Table 1. Element composition of titanium sample surface
subjected to laser treatment using TiC powder with particle
size of 80—100 um and subsequent etching

Elements Ti C N O

Content (min—max), at % | 80—100| 0—10 | 0—5 | 0—5
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ities of the process of preparing the composite layer. In
the course of treatment, TiC powder particles pene-
trate into titanium alloy surface molten by laser beam;
in this case, due to the high temperature and surface-
energy gradients, the active interaction of two phases
takes place, which is accompanied by the redistribu-
tion of carbon between titanium and titanium car-
bides. Taking into account the fact that the melting
and surface solidification processes are short-term
(~1073=10~*s), which is typical of the laser treatment
of metals, and a thin surface layer is fixed at the inter-
face of two phases and forms a nanorough surface.
Upon subsequent selective etching, the TiC phase is
dissolved and a uniform network of nanosized pores
forms at the carbide grain—melt interface.

It can be assumed that the above phenomenon is
typical of laser treatment performed using relatively
coarse carbide particles, since fine-grained TiC parti-
cles are characterized by substantially higher surface
energy and, at the same temperatures, at the moment
of the interaction of TiC with titanium melt, the redis-
tribution of carbon between the carbide grain and the
titanium matrix is more active.

In other words, the diffusion of carbon from coarse
TiC grains into the titanium matrix is slower than in the
case of fine grains and has no time to occur completely
in the course of the short-term solidification of the
melt. It was also noted that a pronounced nanoporous
substructure is formed at a high laser-beam speed equal
to 20 mmy/s. As the speed decreases to 10 mm/s, the
internal surface often becomes smooth (Fig. 5). This is
likely to be related to the fact that, at a low laser-beam
speed, more substantial surface heating leads to a
decrease in the rate of melt solidification and favors the
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Fig. 4. Internal surface of pores formed on titanium surface subjected to laser treatment (P = 300 W and V| = 20 mm/s) with TiC
powder 80—100 um in particle size and subsequent etching.

Fig. 5. Internal surface of pores formed on titanium surface subjected to laser treatment (P = 300 W and V| = 10 mm/s) with
TiC powder 80—100 wm in particle size and subsequent etching.
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complete diffusion of carbon into the titanium matrix.
As a result, the smoothing of the transition layer at the
interface of two phases takes place.

The formation of a uniform porous substructure
during the preparation of porous materials based on
titanium and its alloys leads to a substantial increase in
the total surface area. This in turn favors the firm
adhesion of the impregnating material and matrix.

CONCLUSIONS

The porous surface of titanium can be obtained via
the formation of the Ti—TiC-based composite layer
upon alloying of refractory titanium-carbide particles
on the titanium surface using laser irradiation and sub-
sequent chemical etching of titanium carbide grains.
The thickness of the porous layer and pore sizes can be
controlled by varying the parameters of laser treat-
ment, such as the irradiation power P, the speed of
laser-beam motion V| along the treated surface, and
the particle size of the powder. In view of this fact, the
laser treatment favorably compares with the electrical
arc method. A uniform nanoporous substructure is
formed on the internal surfaces of pores using rela-
tively large carbide powder particles of 80—100 um,
and ;=20 mm/s.
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