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Abstract. Ti-6A-l4V alloy is widely used in implants and prosthesis applications. Although
machining is a fast and economical process, the roughness generated can compromise
corrosion resistance. Thus, the goal of this study was to overcome this limitation using
thermal oxidation in machined surfaces. Samples with polished surfaces were used for
comparison purposes. Two sets of machining parameters were used to generate different
roughness, property evaluated in polished and machined samples before and after thermal
oxidation. Vickers microhardness and polarization tests using simulated body fluid (SBF)
were also performed. Thermal oxidation generated similar microhardness for polished and
machined samples, higher than for polished and non-oxidized condition. On the other hand,
oxidation increased the roughness only for polished condition. The corrosion resistance was
improved in all oxidized samples, and the best result was found to the intermediate
roughness (Ra = 0.76 𝜇m), in a machined sample. The results demonstrated that thermal
oxidation can be used to overcome machining limitations regarding corrosion resistance,
achieving behavior even better than polished samples.
Keywords: Thermal oxidation, machining, Ti-6Al-4V, roughness, corrosion resistance,
biomaterial.
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1. Introduction
Titanium and its alloys are widely used in the
aerospace, chemical, automotive and biomedical
industries. This is possible due to its excellent chemical
and mechanical properties, such as its low density, high
mechanical resistance, formability and machinability, low
chemical reactivity, excellent resistance to corrosion and
biocompatibility. Regarding biomedical application,
titanium is present in orthopedic and orthodontic
components, with Ti-6Al-4V being one of the most used
α + β alloys currently [1–4], including developments in
new manufacture techniques using laser to achieve
structured components and promoting better mechanical
properties [5–7].
Pure titanium is an element that has allotropy, and
may have a compact hexagonal structure, called α phase,
or a body-centered cubic structure called β, depending on
the temperature to which it is exposed. The α phase is
stable at room temperature, while the β phase is stable at
temperatures above 882 °C. Therefore, some alloying
elements are added with the intention of favoring the
formation of one phase, or even both phases, at room
temperature. In the case of the Ti-6Al-4V alloy, aluminum
acts to stabilize the α phase and vanadium stabilizes the β
phase, allowing the existence of an alpha + beta alloy [8].
Alloys of this nature have better properties when
compared to alloys containing only one of the phases,
presenting a combination of the best properties of each of
these phases. For example, an α + β titanium alloy with
aluminum in its composition has a lower density than pure
titanium or a beta titanium alloy. This occurs as the
specific mass of aluminum is almost half of the specific
mass of titanium. In addition, α + β alloys have good
resistance to corrosion, fatigue and fracture [9].
Regarding biomedical demands, one must be aware of
the requirements that will be imposed on the implanted
material to an adequate selection. The superficial
morphology of the implanted material is directly related to
cell integration and the non-rejection of the material in the
post-implantation period [10]. Adequate cell growth
around the implant, as well as the absence of inflammation
caused by the release of ions in the body, are directly
related to the physical-chemical properties of the
material's surface, being hardness, roughness and
corrosion resistance in fluids the most important. Thus,
several techniques of superficial modification have been
used in order to guarantee the success of the implant
[1, 11–13], as they have an important impact in the human
tissue’s response [14, 15].
These surface modification techniques can have a
chemical, physical or mechanical character [11]. The
physical technique most widely used is thermal oxidation.
This is because it is a technique of simple execution and
low cost, which creates a stable and adherent ceramic
oxide film composed mainly by TiO2 (rutile), and
promotes the improvement of the corrosion, wear and
biocompatibility properties of the material [16–22]. The
temperature and time range suitable for thermal oxidation
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in Ti-6Al-4V alloy was investigated by Kumar et al. [16]
who evaluated temperatures between 500 and 800 °C, in
periods between 8 and 48 hours, aiming to increase the
corrosion resistance in simulated body fluid. Through
electrochemical tests they determined the treatment at
650 °C, for 24 h as the most appropriate. In a previous
study [17], our group demonstrated that thermal cycles
could be an alternative to isothermal oxidation, suggesting
control of roughness surface and better corrosion
resistance in Ti-6Al-4V, oxidized at 650 °C. For the same
alloy, Wang et al. [18] demonstrated improvement in
biotribological and corrosion behavior after thermal
oxidation at 700 °C. Mohammed [19] oxidized Ti-15Zr12Nb at 450, 650 and 850 °C, observing increase in
roughness, microhardness and wear resistance, due to a
high-quality oxide layer formed.
The biocompatibility of thermally oxidized titanium
was also investigated, showing interesting results. Wen et
al. [20] observed high wear resistance and higher cell
adhesion in Ti-6Al-4V oxidized at 700 °C. García-Alonso
et al. [21], testing the same alloy observed similar behavior
between non oxidized and thermal oxidized at 500 and
700 °C regarding biocompatibility, with better cell
attachment for the higher temperature. Finally, Saldaña et
al. [22] demonstrated that Ti-6Al-4V oxidized at 500 and
700 °C decreased the Ti and Al ion release in a cell culture
medium, improving the biocompatibility, as higher levels
of Ti ion release can generate poor cell proliferation and
differentiation, while Al ion release was related to neural
diseases. Finally, due to the rutile properties, it was also
employed on stainless steel as coating, improving
biocompatibility characteristics [23].
In relation to surface mechanical changes, machining
is a technique that can be used due to the good
machinability of titanium and its alloys and the possibility
of obtaining a surface with a relatively low roughness value
by this process. A less rough surface finish is important
for bio applications, as it guarantees less surface friction,
thus reducing the corrosive process [11, 24]. A study
conducted by Ribeiro Filho et al. [24] evaluated the
resistance to corrosion, in simulated body fluid, of the Ti6Al-4V alloy with different surface roughness generated
by different machining parameters, demonstrating by the
statistical method of response surface that an optimum
surface roughness value Ra would be 0.768 μm and that
with this value it would be possible to obtain a corrosion
current density 18.8% lower than for the values obtained
in the studied surface roughness range (values greater than
that determined).
Thus, although machining is a practical and efficient
method of shaping titanium parts and implants, the
roughness left by the process can limit the corrosion
resistance of these materials. For comparison, all the
researches cited here, related to thermal oxidation [16–22],
performed the treatment in polished samples, to guarantee
a low roughness. Therefore, the objective of this study is
to generate surface roughness values close to the optimum
value found by Ribeiro Filho et al., [24] through machining
of the Ti-6Al-4V alloy and later use the thermal oxidation
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technique on the obtained surfaces, aiming to obtain
better properties for its use as biomaterial as well as to
evaluate the corrosion resistance of the samples in
simulated body fluid, comparing to polished and polished
and oxidized samples.

2. Materials and Methods
Figure 1 summarizes the methodology steps that will
be fully described in the following subsections.

2.1. Sample Preparation
Ti-6Al-4V samples were extracted from a cylindrical
bar with approximately 17.25 mm in diameter. The
samples were cut slowly and with plenty of refrigerant
fluid to avoid the material heating. For EDS analysis a
sample was mounted in resin and then sanded with silicon
carbide sandpaper until 1200 grit, polished with 1 μm
alumina suspension and chemically attacked with Kroll
reagent (100 ml H2O, 5 ml HNO3 and 3 ml HF). Prior to
thermal oxidation, the samples were chemically attacked
to remove any type of impurity from the surface as also
the native passive oxide layer. For the attack the samples
were immersed for approximately 60 seconds in a solution
at 40 °C, composed of 35 vol.% HNO3, 5 vol.% HF and
distilled water.
Regarding surface finishing, the samples were sanded
(until 1200 grit SiC paper) and polished (1 m alumina
suspension) as reference. For samples that have been
oxidized, besides the surface polishing finishes already
presented in previous study [17], two sets of machining
parameters were chosen in order to produce surfaces with
roughness close to the optimum point found by Ribeiro
Filho et al. [24], where Ra assumed a value of 0.768 μm.
Due to the fact that the samples studied by them [24] have
been turned and the samples of this study have been
produced by a bar cutting and later faceted, the machining
parameters adopted in that study (depth of cut, cutting
speed, feed and rotation) could not be used. Thus, the
required roughness was found through attempts. After
finding the parameters set for Roughness 1 (around 0.768
μm), the rotation, depth and cutting speed were kept
constant and the feed rate was increased to generate a
higher roughness finishing. The samples were faceted on
a conventional ROMI lathe using the CNMG 120408
cutting insert. The machining parameters used are shown
in Table 1.
Table 1. Machining parameters used to prepare samples
surface.
Condition
Roughness 1
Roughness 2

Cutting
Depth
(mm)
0.2
0.2

Feed
𝐦𝐦
(𝐦𝐢𝐧)

Rotation
(rpm)

0.119
0.166

1050
1050

Cutting
Speed
𝐦
(𝐦𝐢𝐧)
66
66

2.2. Surface Oxidation

sample

Fig. 1. Methodology flowchart scheme detailing the main
procedures employed in the present study.

The isothermal oxidation treatments were carried out
in samples polished and machined at 650 °C for 24 hours,
followed by cooling inside the oven, to avoid high thermal
stresses. These thermal oxidation parameters were chosen
because they provided the best corrosion resistance for Ti6Al-4V alloy, according to Kumar et al. [16], in a study
where thermal oxidation treatments were carried out with
different durations and temperatures, and were also the
parameters used in our previous research [17], comparing
isothermal and cyclic oxidation treatments.
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2.3. Roughness and Microhardness Measurements
Vickers microhardness was determined for thermally
oxidized samples with all surface finish conditions and for
polished and non-oxidized samples. The measurements
were performed using a microdurometer Mitutoyo model
MVK G1 with a pyramidal indenter with a square base,
applying a load of 0.2 kg for 20 seconds. Five
measurements were made in each sample for all
conditions, then the mean and standard deviation were
calculated.
Ra roughness was also evaluated on the surface of
machined samples oxidized and not thermally oxidized
using a Taylor Hobson® profilometer model Form
Talysurf Intra. The measurements were performed with a
cutoff of 80 μm and a length of 5 mm. For all samples,
five measurements were taken to determine the mean and
standard deviation.
2.4. Corrosion Polarization Tests
Electrochemical polarization tests were performed
using a flat cell in an Autolab Multi Potentiostat model
PGSTAT101, platinum counter electrode, saturated
calomel reference electrode and simulated body fluid (SBF)
as solution with scan speed of 0.33 mV/s. The SBF
solution was prepared according to the instructions
present in Kokubo's study [25], and Table 2 presents the
components as well as the quantity and order of addition
in the solution. Two polarization curves were obtained for
each condition evaluated and the best curve for each
condition was used to be presented in the results.

OCP at a rate of 0.5 mV/s. The option for using only the
anodic branch was based on previous studies in titanium
alloys, focusing on evaluate the degradation of the
oxidized film [17, 24, 26, 27].

3. Results and Discussion
3.1. Microstructural Characterization
The evaluation of the microstructure and chemical
composition of the alloy was carried out by means of
scanning electron microscopy and EDS analyses, as
presented in previous study [17]. Figure 2 shows a
micrograph of the material's microstructure together with
its chemical composition. The alpha phase represents the
matrix of the material while the beta phase is in the form
of dark lamellae. This differentiation can be clearly seen in
the image. The analysis of the chemical composition of the
alloy showed that although the amount of aluminum was
within the range recommended by ASTM F136, the
amount of vanadium was below the minimum required
(3.5%). However, the study was carried out using this alloy
since it had already been used in a previous study [17] with
similar purposes. Furthermore, the vanadium does not
take important role in the thermal oxidation of Ti-6Al-4V
alloy between 500 and 800 °C, where TiO2 was the main
oxide reported in previous studies, with minor Al2O3
formation in some cases, and never presenting vanadium
oxides [16, 18, 21, 28]. Thus, as the analysis and
characterizations performed here are strictly related to the
surface oxide layer, this lower vanadium content was
considered acceptable.

Table 2. Components, their amounts and the addition
sequence to prepare 1000 ml of simulated body fluid
(adapted from [25]).
Order
1
2
3
4
5
6
7
8
9
10

Reagents
NaCl
NaHCO3
KCl
K2HPO4.3H2O
MgCl2.6H2O
1.0M-HCl
CaCl2
Na2SO4
Tris
1.0M-HCl

Amount
8.035 g
0.355 g
0.225 g
0.231 g
0.311 g
39 ml
0.292 g
0.072 g
6.118 g
0-5 ml

During the polarization tests, the sample was outside
the cell, as shown in Fig. 1 and was exposed to the solution
contained in the cell through a side hole with an area of
approximately 1 cm2, containing a rubber ring. Chamfers
were made on the edges of the samples to fix the
potentiostatic cables directly on them. The SBF solution
was maintained at 39 °C to simulate an extreme
temperature situation in the human body. During the
polarization test, the open circuit potential (OCP) was
determined over 1 h, followed by a scan to 2 V above the
188

Fig. 2. Alloy microstructure observed by SEM and EDS
analysis before heat treatments. (Taken from ref [17])
3.2. Roughness
The averages of Ra roughness measurements found
after the machining and polishing processes, in the
conditions before and after thermal oxidation, are shown
in Fig. 3a. The presented values configure the general
average of the values and the deviation for the samples in
each condition. The polished sample showed a higher
increase in roughness after oxidation. Since the growth of
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the oxide occurs irregularly, this increase in roughness is
due to the roughness presented by the oxide layer.
According to the literature, the roughness of titanium
oxide is proportionally related to the grain size of the
material and both are directly related to the increase in
temperature to which the material is exposed [29]. For
machined samples, the thermal oxidation did not modify
significantly the roughness, considering the deviation bars.
As can be seen in Fig. 3b, the roughness profile measured,
for a sample machined (Roughness 2) and oxidized, clearly
follows the machining profile. After machining, a spiral
profile left by the tool during turning is observed. In this
way, the roughness measured radially in the sample passes
by peaks and valleys left by the machining tool. Thus, after
oxidation, the roughness variation was practically null,
since the oxide was formed homogeneously in the peaks
and valleys of the profile.

finish conditions. Considering the standard deviation,
which showed similar values after five measurements, for
all samples, it can be seen that, after heat treatment, all
samples showed the same level of surface microhardness,
approximately 80% higher than the polished sample. This
suggests similarity in the formed oxides, both in relation
to morphology and in relation to the composition and
demonstrates that the different roughness profiles did not
influence the microhardness. In a previous study of our
group, it was demonstrated by X-ray diffraction that the
polished and oxidized sample had the formation of rutile
[17], which must have occurred for all the oxidized
samples in the present study, since the material and
parameters of thermal oxidation were the same.

Fig. 4. Surface microhardness determined for polished,
oxidized polished, roughness 1 and roughness 2 oxidized
samples.
3.4. Polarization

Fig. 3. Roughness analysis: a) Ra measurements for
polished and machined samples before and after thermal
oxidation and b) roughness profile observed for a
machined and oxidized sample.
3.3. Microhardness
The increase in the microhardness is considered an
important characteristic for biomaterials, especially for
those that will constitute joint region implants, since these
materials are subject to constant friction and this property
can help prevent wear [26]. Figure 4 shows the
microhardness values for the thermal oxidized and nonheat-treated polished samples. After thermal oxidation,
there was a large increase in microhardness for all surface

Right after being implanted in the organism, the
material is exposed to extracellular body fluids. Amino
acids, proteins and the concentration of chloride ions in
these fluids are able to corrode the material [1, 30].
Although titanium and its alloys have high resistance to
corrosion when implanted, studies have reported the
accumulation of titanium ions in tissues adjacent to the
implant, suggesting the occurrence of corrosion of the
material [1]. However, using thermal oxidation treatments
it is possible to increase the corrosion resistance of
titanium and its alloys [16, 17, 26].
To check the efficacy of thermal oxidation the
material had its corrosion resistance in SBF assessed by
polarization tests. Figure 5 presents the best polarization
curves for each condition and it can be seen that up to
approximately 1000 millivolts, all samples showed a
passive region, which shows that the oxide film, from the
heat treatment, had a protective character and
considerably increased the corrosion resistance of the
samples. After 1000 millivolts, the current density for the
heat-treated samples started to increase while the current
density of the untreated sample remained constant. The
behavior of the curves for the three treated samples was
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similar, and for a current density of 1000 millivolts, the
polished sample and the sample with Roughness 2 showed
practically the same resistance to corrosion, while the
sample with Roughness 1 showed a corrosion resistance
superior to the others. In contrast, the untreated sample
kept the film passive for larger potentials. This is probably
since the passive film, naturally formed on the alloy
surface, has fewer defects than the oxide film formed
during heat treatment. Furthermore, in our previous
evaluations [17] it was demonstrated that some pits were
formed by differential aeration near the O-ring region.
However, in real clinical application realities [16], there are
no situations where high potentials are applied, thus, for
the evaluated purpose, the treated samples showed a
considerable improvement in corrosion resistance, as
discussed in previous study [17].

heat-treated samples, regardless of the initial surface
roughness, have greater resistance to corrosion than the
untreated sample, with emphasis on the results presented
by the curve of the sample with Roughness 1. Through the
measured values of current density at open circuit
potential (OCP) shown in Table 3, there was a decrease
for the heat-treated samples. This suggests that the oxide
film from heat treatments is more protective than the
oxide film naturally formed on the material's surface,
which causes substrate corrosion in the electrolyte. This
improvement in corrosion resistance by the formation of
a protective oxide film, by thermal oxidation has already
been presented in the literature by several authors, among
them Kumar et al. [16], who showed an increase in
corrosion resistance in simulated body fluid, for the Ti6Al-4V alloy after several isothermal oxidation routes.
Although thermal oxidation is known to improve
corrosion resistance in titanium alloys, the present
research demonstrated that it can be used in surfaces with
higher roughness obtained by machining.
Table 3. Corrosion tests data: values of polarization
tests: open-circuit potential and density current 500 mV
above OCP (I 500 mV).
Sample
Condition
Polished
Oxidized Polished
Roughness 1
Roughness 2

Fig. 5. Polarization results for untreated and heat-treated
samples using SBF solution.
When evaluating the influence of surface roughness
on the corrosion resistance of oxidized samples, it is
possible to observe that within the studied range, both for
low values of Ra (0.24 m) and higher values (0.92 m),
there is a tendency of less resistance to corrosion when
compared to intermediate roughness (0.76 m), although
similar for both values. This result demonstrates that
thermal oxidation can improve the corrosion resistance
properties of Ti-6Al-4V alloy for samples with high
roughness after machining, a factor mentioned as a
limitation previously [24]. In addition, the best result
found here was observed for the intermediate roughness
tested, after machining and oxidation, overcoming the
polished and oxidized condition. Despite a previous study
by our group [17], evaluating thermal cycles to show that
in the Ra range between 0.17 and 0.35 m, the lowest
value generated the best corrosion resistance, in the
present study, the Ra roughness of 0.76 m presented the
best result. These results demonstrate that the thermal
oxidation of machined surfaces can generate a higher
resistance to corrosion of the Ti-6Al-4V alloy in SBF.
Table 3 shows the current average values 500
millivolts above the OCP for all samples. Once again, all
190

OCP, mV
-7.92
9.77
-36.01
-35.24

I 500 mV,
A/cm2
2.7x10-6
9.5x10-7
4.2x10-7
7.5x10-7

.

4. Conclusions
Samples of Ti-6Al-4V with different initial roughness,
obtained by machining (two sets of different parameters)
or polishing, were oxidized isothermally at 650 °C for 24
hours. The main findings of the study are summarized
below:
•

All oxidized samples were compared with a
polished sample, showing improvement in
corrosion resistance and increased microhardness,
due to the formation of an oxide layer.

•

The surface roughness was evaluated, before and
after oxidation, demonstrating that the heat
treatment significantly increases the roughness of
polished samples, from Ra = 0.12±0.071 μm to
0.25±0.067 μm, but practically did not change for
the machined samples, which were initially
already higher, Ra = 0.76 μm or 0.92 μm
depending on machining parameters.

•

The oxidized sample with intermediate roughness
(Ra = 0.76 μm) showed better results than the
others in terms of corrosion resistance. This
suggests that surface roughness is directly related
to corrosion resistance, not only for samples
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without heat treatment, as had already been
demonstrated in the literature, but also for heattreated samples.
•

Finally, it is concluded that thermal oxidation can
provide corrosion resistance even for surfaces
with high initial roughness, which overcomes the
limitation presented by machined surfaces,
demonstrating the possibility of using these
techniques together for the surface finish of
orthopedic and orthodontic implants.
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