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Abstract

Titanium alloys are metal materials widely used in medicine owing to their suitable
characteristics such as low density, good corrosion resistance and biocompatibillity. High
biocompatibility of the titanium alloy results from the creation of a spontaneous oxide layer
with good adhesion and homogeneous morphology. In order to improve characteristics of the
metallic materials for application in medicine, electrochemical methods that enable surface
nanostructured modification are extensively used, and one of these methods is
electrochemical anodization which makes it possible to obtain a nanostructured oxide layer
composed of nanotubes on the surface of the metal material. The tested material was
ultrafine-grained Ti-13Nb-13Zr (UFG TNZ) alloy obtained by the severe plastic deformation
(SPD) processing using the high pressure torsion (HPT) process. Nanostructured oxide layer
on the titanium alloy was formed by electrochemical anodization during the time period from
30 to 120 minutes. Characterization of the surface morphology obtained during different
times of electrochemical anodization was done using scanning electron microscopy (SEM),
while the topography and surface roughness of the titanium alloy before and after
electrochemical anodization was determined using atomic force microscopy (AFM). Scratch
test was used to determine the cross profile of the surface topography. Electrochemical
anodization led to the formation of a nanostructured oxide layer on the surface of the titanium
alloy. The obtained results indicated strong influence of the electrochemical anodization time
on the oxide layer morphology - with its increase the diameter of the nanotubes increases too,
while the wall thickness of nanotubes decreases. Also, electrochemical anodization led to an

increase in the surface roughness.

Keywords: Titanium alloy for biomedical application, High pressure torsion process, Electrochemical

anodization, Surface morphology, Surface roughness
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1. Introduction

The main goal of developing materials for use in medicine is to achieve the desired material
properties, primarily mechanical and physical, for which thermomechanical processing
procedures and the addition of alloying elements are used. Contemporary research in the field
of metallic biomaterials is focused on the possibility of converting conventional
macroparticle biomaterials into submicron and nanoparticle biomaterials while achieving
adequate mechanical, physical, biological and corrosion properties. Numerous researches are
focused on the process of forming ultrafine-grained and nanocrystalline structures (grain size
less than 100 nm), because it has been shown that such structures are characterized by higher
tensile strength, better biocompatibility and corrosion stability, as well as better wear
resistance [1,2]. Severe plastic deformation (SPD) uses different methods for refining
material structure by reducing the grain size and for conversion of a coarse-grained structure
into an ultrafine-grained structure or a nanostructure [3-5]. Several different SPD procedures
are available, but one of the most effective one is the high-pressure torsion (HPT) processing,
that enables small grains and high strength to be obtained, as it is shown in [6]. HPT
apparatus consists of two anvils, Fig 1. A thin disc is pressed between two anvils, under high
pressure, and the rotation of the one of the anvils causes large shear deformations of the

material.
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Figure 1. HPT apparatus [7]
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The behavior of biomaterials in the human body depends on its biocompatibility and surface
properties. For this reason, biomaterials often require surface modification in order to
optimize the properties of the implants and increase their bioactivity when connecting with
the natural surrounding tissue. There are various procedures that can be used to modify the
surface of metal biomaterials (including bringing the material to an ultrafine-grained
structure) and which lead to an improvement in their properties compared to conventionally

made implants. The primary need for surface nanostructural modifications in titanium-based
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materials, apart from better and faster connection with bone tissue, is also due to the
improvement of the degree of osseointegration, biocompatibility, as well as resistance to
corrosion and wear. Chemical methods for surface modification of materials are used in order
to improve biocompatibility, corrosion resistance, wear resistance and contamination removal
[8]. Some of the most commonly used chemical methods are chemical treatments,
electrochemical treatments, i.e. electrochemical anodization (anodic oxidation), sol-gel
process and chemical vapor deposition [9-11]. In this work, electrochemical anodization was
used to modify the surface of the titanium alloy. The basic characteristics of the modified
surface of the titanium alloy obtained by electrochemical anodization are shown in table 1.
As a result of electrochemical anodization, a nanostructured oxide layer composed of
nanotubes is obtained. The morphology and structure of the obtained nanostructured oxide
layer depends on the characteristics of the substrate, the composition of the electrolyte and

the parameters of the electrochemical anodization procedure [12,13].

Table 1. Main characteristics of the modified surface of the titanium alloy obtained by
electrochemical anodization

Formation of a specific

) Formation of a nanostructured topography of the surface,
Electrochemical

o oxide layer composed of TiO,- | improvement of corrosion
andization ) ] ] o
o based nanotubes with a resistance, biocompatibility,
(Anodic oxidation) ) o ;
thickness of 10 nm to 40 um bioactivity, reduction of the

value of the surface modulus

The most significant advantage of the electrochemical anodization procedure is the creation
of a homogeneous nanotubular oxide layer. The shape of the nanotubular oxide layer
(diameter, length, and thickness of the nanotubes) can be controlled using electrochemical
anodization parameters [14-16]. TiO, nanotubes of different diameters (from 15 nm to 300
nm) and different lengths can be formed during the process of electrochemical anodization of

titanium or titanium alloys.

It has been shown that the nanostructured surface of titanium alloy can be formed by
applying electrochemical anodization, but the question remains open as to the morphology of

ultrafine-grained titanium alloys obtained by high pressure torsion (HPT) process.
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2. Materials and methods

The tested material was ultrafine-grained Ti-13Nb-13Zr (UFG TNZ) alloy obtained by the
SPD processing using the HPT process. The HPT process was done by rotating one of the
anvils with speed of 0.2 rpm at a pressure of 4.1 GPa. Nanostructured oxide layer on the UFG
TNZ alloy was formed by electrochemical anodization during 60 and 90 minutes.
Electrochemical anodization was performed using a system of two electrodes: platinum and a
sample of the UFG TNZ alloy as working electrode. It was conducted at a voltage of 25V,
while 1M H3PO,4 + 0.5 wt. % NaF was chosen as the electrolyte. The PEQLAB EV 231
device was used to supply power during the electrochemical anodization process.

The scanning electron microscopy (SEM) was used to characterize the nanostructured oxide
layer morphology. The TESCAN MIRA3 XMU microscope at a voltage of 20 keV was used
for SEM analysis. The topography and surface roughness of the titanium alloy before and
after electrochemical anodization was determined by atomic force microscopy (AFM) with

NanoScope 3D (Veeco, USA) microscope operated in tapping mode in ambient conditions.

The scratch test was performed on nanoindenter G200, Agilent Technologies, using as an
indenter Berkovich-type diamond tip. Scratch length was 500 um and applying an increasing
load up to 40 mN, Fig. 2. In this study, scratch test was used to determine the cross profile of

the surface topography.
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Figure 2. Applied load during scratch test
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3. Results and Discussion

Fig. 3. presents morphology of the surface of the UFGG TNZ alloy after electrochemical
anodization for 60 and 90 minutes. After 60 minutes of electrochemical anodization, a
nanoporous oxide film was formed on the surface of the UFG TNZ alloy, Fig 3 (a). The
nanotubular oxide layer was formed after a procedure lasting 90 minutes, Fig 3 (b). During
the shorter process of electrochemical anodization, nanotubes were formed and connected to
each other, while during the longer process, nanotubes were formed and separated from each

other due to dissolution.

500 nm )

Figure 3. Morphology of the surface of the UFG TNZ alloy after electrochemical
anodization for (a) 60 and (b) 90 minutes

The mean value of the nanotube diameter (obtained after 30 measurements) after 60 minutes
of electrochemical anodization was 56.22 nm, while after 90 minutes of electrochemical
anodization it increased to 90.17 nm. On the other hand, the mean value of the nanotube wall
thickness (obtained after 30 measurements) decreased from 22.20 nm to 19.54 nm with
increasing anodization time. The existence of the influence of the anodizing time on the
dimensions of the nanotubes has been shown, so that with increasing time, the diameter
increases too while the thickness of the nanotubes decreases. Also, increasing anodizing time

led to the formation of the more homogeneous oxide layer on the surface, Fig 3 (b).

As we presented in our previous paper [17] the SEM side-view image of the oxide layer
created on the UFG TNZ during 60 minutes showed that nanotubes were parallel on the
surface with an average thickness of 1.63 nm, while it was theoretically known that
increasing the anodizing time leads to an increase in the length of the nanotubes [18]. Further,
HPT process, as the method for obtaining ultrafine-grained microstructure, leads to the

formation of smooth walls.
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AFM was used to characterize the surface topography of the UFG TNZ alloy before and after
electrochemical anodization, and results of the analysis are presented in Fig 4.

.00

Figure 4. 2D and 3D AFM images of the UFG TNZ alloy (a) before anodization (5x5x0.1)
and after anodization for (b) 60 (2.5x2.5x0.4) and (c) 90 (2.5x2.5x0.4) minutes

Table 2. presents values of the surface roughness (RMS-root mean square average of height
deviations (expressed in nm)) of the UFG TNZ alloy before and after electrochemical
anodization for 60 and 90 minutes.

The obtained results showed that the process of electrochemical anodization resulted in the
creation of a rough topography of the surface of the UFG TNZ alloy. The UFG TNZ alloy
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anodized for 60 and 90 minutes is characterized by a typical rough surface topography

compared to the base alloy surface which has a wavy topography, Fig 4.

The anodized ultrafine grained alloy has an order of magnitude higher roughness value in
comparison to the alloy before anodization, Table 2. The results show that increasing the time
of electrochemical anodization also increases the roughness of the alloy as a result of

increasing the size and number of pores [19].

Table 2. Surface roughness values before and after electrochemical anodization

Materials Anodizing time, min RMS, nm
/ 3.61

UFG TNZ 60 33.39
90 34.15

Fig. 5. presents the cross profile of the surface topography of UFG TNZ alloy after
electrochemical anodization for 60 and 90 minutes obtained after scratch test. The surface
roughness of UFG TNZ after electrochemical anodization for 90 minutes is higher than for 60
minutes, as shown in Fig. 5, and the texture parameter is 61 pm in diameter for alloy after

anodization for 90 minutes and 52.9 um for alloy after anodization for 60 minutes.
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Figure 5. The cross profile of the surface topography of UFG TNZ alloy after electrochemical
anodization for (a) 60 and (b) 90 minutes, obtained after scratch test
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4. Conclusion

It can be concluded that electrochemical anodization is a suitable method for the formation of
nanostructured surface on the titanium alloy. The roughness of the nanostructured surface is
greater compared to the bare surface of UFG TNZ alloy. It indicates that the UFG TNZ alloy
with nanostructured surface would be more suitable for medical application, because of better
contact of the modified surface with surrounding tissue and their adhesion. Also, it can be
said that the anodizing time of 90 minutes is more suitable for using compared to 60 minutes,
because this anodizing time leads to the formation of a homogeneous nanotubular oxide layer
with larger roughness.

Increasing of anodizing time leads to the increase of the surface roughness and
therefore to the increase of cell adhesion in the human body. In our previous paper [17] we
showed that increasing anodizing time led to the improvement of corrosion resistance in the
artificial saliva, simulating the oral environment. From everything analyzed so far, we
concluded that the deterioration of the surface properties occurred during the formation of a
nanostructured oxide layer at a shorter anodizing time. The previous paper also analyzed
morphology of the nanostructured oxide layer and dimension of the nanotubes obtained for
the anodizing time of 120 minutes, but the surface characterization after this anodizing

parameter will be considered in the future.
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