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Abstract

Introduction: Titanium alloys and seeveral stainless steels show good perfor-
mance when used in orthopedic replacements due to their excellent properties, 
such as mechanical strength and corrosion resistance. The aim of this study was 
to evaluate the implant-bone interface on ISO 5832-9 and Ti6Al4V alloys elec-
trochemical treated. Methods: The growth of oxides was carried out on stainless 
steel ISO 5832-9 up to1.0V in phosphate buffered saline and Ti6Al4V alloy up 
to 5.0V, at room temperature. Scanning electron microscopy (SEM) was used 
for qualitative characterization. The in vivo experiment was conducted with rats 
divided into 3 groups: untreated surface-Control (Group 1); anodic oxide grown 
up to 1.0V for ISO 5832-9 and up to 5.0V for Ti6Al4V (Group 2); anodic oxide 
grown up to 1.0V for ISO 5832-9 and up to 5.0V for Ti6Al4V and surface acti-
vation with hydroxyapatite (Hpa) in SBF (10 days) for both materials (Group 3). 
The implants were inserted in tibia by surgery. After 6 weeks the animals were eu-
thanized and tibia processed for SEM. Results: Ti6Al4V alloy had a typical valve’s 
metal behaviour due to stable oxide titanium growing as barrier. ISO 5832-9 
stainless steel showed stable oxide but as a thinner film irregularly distributed 
on the surface of implants. These behaviours were consistent with in vivo test 
which showed uniform bone matrix deposition on the Ti6Al4V surface of bone 
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implants. There is not implant-bone interface when titanium alloy was subjected 
to anodizing or anodizing/Hpa. Discussion: potentiodynamic titanium oxides en-
hanced the osseointegration process.

Keywords: titanium alloys; bone tissue; osseointegration; scanning electron 
microscopy 

1. Introduction
It has been investigated the viability of using materials compatible with 

the human body with the aim of accelerating the recovery process of the tis-
sues, especially bone healing (Amini et al., 2012). The most commonly surgical 
materials used for this purpose are stainless steel and titanium alloys for man-
ufacturing endosseous implants (Villamil et al., 2002). These biomaterials have 
demonstrated some efficiency and the surface modifications have been shown 
to enhance osseointegration at early implantation times, but the underlying 
mechanisms of bone-implant interfaces are still not elucidated (Novaes et al., 
2010 and Yun et al., 2010). Stainless steel is most used because of its low cost, 
while titanium and titanium alloys provide better chemical and mechanical bio-
compatible properties improving biological response but it costs higher than 
stainless steel (Liu and Chu, 2004; Franco et al., 2008). The favorable biologi-
cal response of these biocompatible materials is attributed to the spontaneous 
presence of an oxide film on their surfaces (Liu & Chu, 2004; Novaes et al., 
2010). Anodic oxidation by electrochemical has been reported to be the favored 
method to obtain thick and porous oxide films but the thin-potentiodynamic 
oxide effect are not completely known (Yun et al., 2010; Yang et al., 2004). 
Also, there are some evidences that the anodic oxidation is responsible for en-
hancing the bone formation between implant-tissue, however, the methods to 
induce surface’s treatment have used steady conditions up to high potentials and 
currents in a very concentrated acid’s solution (Buser et al., 1999; Sul, 2003; Li-
ang et al., 2003). Some studies have shown that thicker oxide films are formed 
on the Ti and Ti alloys by applying a steady potential or current (Novaes et al., 
2010; Lin et al., 2013; Szesz et al., 2013). Nevertheless, using the potentiody-
namic method, it is possible to obtain anodic oxides with thin layers, improving 
their electrochemical parameters and also enhancing their stability properties 
(Marino & Mascaro, 2004; Marino et al., 2001). It has been shown that the 
composition, structure and thickness of the films determine their stability and 
bioactivity (Villamil et al., 2002).

In vivo tests with rats have indicated that titanium implant surfaces can 
exhibit bone-bonding by an increase in the complexity of the surface topog-
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raphy (Mendes et al., 2007; Yun et al., 2010; Davies et al, 2014). However, 
to knowledge it is still unexplored the effects of Ti6Al4V and ISO 5832-9 
surfaces submitted to electrochemical treatment in bone-implant interfaces. 
Thus, the present study focused on evaluating the relationship between sur-
faces treated implants of Ti6Al4V and ISO 5832-9 stainless steel in vitro and 
in vivo. 

2. Materials and methods

2.1 Sample surface preparation

The working electrodes were Ti6Al4V-ELI alloy discs (C 0.010%; N 0.002%; 
H 0.004%; Fe 0.180%; O 0.102%; Al 5.960%; V 4.000%; Ti bal.) from Realum 
Ltda., Brazil and ISO 5832-9 stainless steel sheet (C 0.015%; Si 0.330%; Mn 
4.09%; Cr 20.07%; Ni 9.94%; Mo 2.50%; N 0.32%; P 0.014%; S 0.005%; Nb 
0.285%; Fe bal.) from Sandinox Ltda., Brazil. Both the electrodes were mechan-
ically polished with a grade 1200 silicon carbide paper and rinsed with acetone, 
ethanol and distilled water. 

2.2 Surface treatment and characterization

The measurements were taken using Microquimica Potentiostatic/Galva-
nostatic (model MQPG-01) equipment. The initial and final potentials were -1.0 
V and 5.0 V (vs. ECS) for Ti6Al4V and -1.0 V and 1.0 V (vs. ECS) for the ISO 
5832-9 stainless steel, for potentiodynamic growth at 50 mV/s and 10mV/s, 
respectively. The electrolyte was PBS (phosphate buffered saline - NaCl 8.77 g 
L-1; Na2HPO4 3.58 g L-1, KH2PO4 1.36 g L-1, pH 6.9) solution at room tempera-
ture. The conventional three-electrode cell with an exposed area of 0.28 cm2 
for the working electrode (the surface polished and rinsed as described) with 
a platinum electrode as the counter electrode was used, and all the potentials 
were measured with a saturated calomel electrode (SCE). After all the electro-
chemical samples had been treated, some of the samples were immersed in SBF 
for 10 days for an evaluation of the superficial bioactivity according to Kokubo 
(2006). All the electrochemical tests were carried out in triplicate to guarantee 
the accuracy and reliability of the data. Cyclic voltammetry was used to charac-
terize the electrochemical system and the surface morphology was investigated 
by SEM (Scanning Electron Microscopy-Philips, XL30 model and 20.0 kV). The 
surface elements in the oxide layer were investigated by EDS (Energy Dispersive 
Spectroscopy–Wilo Heerbrugg).
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2.3 In vivo study for osseointegration

Mini implants were used in rats: the 1.2 mm diameter implants were cut 
into 4 mm lengths to fit the diameter of the rat tibia. The implants were divid-
ed into three Groups: untreated surface-Control (Group 1); with anodic oxide 
grown up to 1.0 V for the ISO 5832-9 and up to 5.0 V for Ti6Al4V (Group 2); 
and with anodic oxide grown up to 1.0 V for the ISO 5832-9 and up to 5.0 V 
for Ti6Al4V and surface activation with hydroxyapatite (Hpa) in SBF (10 days) 
for both materials (Group 3) (Table 1). All the animals received an implant in 
their right tibias.

Table 1 Experimental Groups: Control and Surfaces Treatment

Groups Surface Treatment

1-Ti6Al4V and ISO 5832-9 stainless steel/Control Untreated

2- Ti6Al4V and ISO 5832-9/oxide
Growth the anodic oxide up to 5.0 V (Ti6Al4V) and up to 1.0 
V (ISO 5832-9)

3- Ti6Al4V and ISO 5832-9/oxide+ Hpa
Growth the anodic oxide up to 5.0 V (Ti6Al4V) and up to 1.0 
V (ISO 5832-9) followed by surface activation with Hpa in SBF 
(10 days) to both materials.

Animal care and experimental procedures were carried out in accordance with 
the Guide for Care and Use of Laboratory Animals and approved by the Ethics Com-
mittee for Animal Research of the Federal University of Paraná (process 526). Adult 
male Wistar rats (average body weight of 250g and 12 weeks in age) were used in 
this study in accordance with the reviewed ISO 109,936. All animals were kept in 
plastic cages under controlled conditions (12-hour light/dark cycle) with free access 
to a water and food pellet diet for 6 weeks, at the vivarium of the Federal University 
of Parana, in Curitiba, Brazil. The animals were anesthetized with an intraperitoneal 
injection of 95 mg/kg ketamine and 12 mg/kg xylazine. Under anesthetic’s effect, the 
anterior-medial right tibia was cleaned with an iodine solution (1%) and the area iso-
lated. Then, the right proximal tibia was exposed using a medial approach by surgical 
instruments and soft tissues were reflected, according to a standard surgical protocol. 
Afterwards, a defect of 1.0 mm in diameter was created through a 1 mm drill (Adiel, 
model SR GX, Kavo). Finally the defect was filled with 1.2 mm diameter implant in 
the tibia (Clarke et al., 2004; Pulleo & Nanci, 1999). 
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Following the period of 6 weeks after surgery, the animals were euthanized 
and the tibia with the implant was removed without the surrounding tissues, and 
immediately fixed in a formalin solution (10%) for 24 hours. The samples were 
then dehydrated and subjected to analysis of the bone/implant interface using a 
Scanning Electron Microscopy (SEM- Philips, model XL 30 and 20.0 kV) (No-
vaes et al., 2010; Pulleo & Nanci, 1999).

3. Results and discussion

3.1 Evaluation of the electrochemical behavior (in vitro)

Cyclic voltammetry (Figure 1a) was used to evaluate the electrochemi-
cal behavior of the Ti6Al4V. This profile resembled those presented by valve 
metals (Marino et al., 2006). The potential varied between Ei: -1.0 V and Ef: 

5.0 V in PBS solution at room temperature. Voltammetry showed a very stable 
behavior of the oxide on the surface, demonstrating the excellent stability of 
the titanium (Ti6Al4V). Cyclic voltammetry was also used to evaluate the ISO 
5832-9 (Figure 1b), where low potentials were used which varied between Ei: 

-1.0 V and Ef: 1.0 V, in PBS solution at room temperature. The anodic region 
indicated growth of an oxide film on the surface, probably Cr2O3 or Fe2O3. 
However, the evolution of hydrogen could be observed in the cathodic region, 
at about -0.5 V.

Figure 1 Cyclic Voltammetry (A) Ti6Al4Valloy, in PBS solution at 50mV/s (B) ISO5832-9, in PBS solution at 10 
mV/s. Surfaces polished to 1200# before measurement.

Using the potentiodynamic technique with low potentials, the growth of a 
stable oxide was observed, probably TiO2, with an anodic peak at approximate-
ly (-0.55 V) on the Ti6Al4V (Figure 2a). The ISO 5832-9 showed the growth 
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of oxide at about -0.7 V (Figure 2b), probably Cr2O3. After formation of the 
oxides (titanium and chromium oxides, respectively) the current did not vary. 
This behavior indicated a protective property of this type of oxide barrier. Thus, 
the titanium oxide formed on the surface of the Ti6Al4V alloy was stable and 
not to reduces due to the absence of a peak in the cathodic region. The oxide 
grown up to 5.0 V showed a thickness around 12.5 nm, as also described in 
the literature (Marino et al., 2001). However, the natural oxide grown sponta-
neously on the Ti alloys was around 2.0 nm in thickness (Marino et al., 2001). 
The voltammogram of the ISO 5832-9 stainless steel showed the growth of a 
thin layer of around 3.0nm, which is comparable to the natural oxide (Hanawa 
et al., 2002; Yi et al., 2013).

Figure 2 Voltammetric Profile (A) from -1.0 V to 5.0 V, in PBS solution at 50 mV/s for the Ti6Al4V (B) from -1.0 V to 
1.0 V, in PBS solution at 10 mV/s for the ISO 5832-9. Surfaces polished to 1200# before measurement.

Many studies have shown that chemical treatments of the metal surfaces 
increase the ability for bone growth around the implant, due to better chemi-
cal interaction between the elements in the interface (Yang et al., 2004; Yu et 
al., 2010).

3.2 Surface characterization – in vitro

The Ti6Al4V and ISO 5832-9 surfaces after anodic oxides surface treatment 
were observed by a morphological analysis carried out using SEM (Figure 3). A 
thin oxide layer formed on the Ti6Al4V surface (Figure 3a), probably TiO2 grown 
up to 5.0 V (Marino et al., 2004). The presence of sandpaper grooves was ob-
served on the ISO 5832-9 surface (Figure 3b) suggesting the formation of a very 
thin layer of chromium oxide.
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(A)	 (B)

Figure 3 SEM photomicrographs. (A) Anodic oxide layer up to 5.0 Von Ti6Al4V. 
(B) Anodic oxide layer up to 1.0 Von ISO 5832-9 at 3,000x.

The EDS (energy dispersive X-ray spectroscopy) results showed titanium and 
oxygen on the surface of the Ti6Al4V and chromium and iron on the ISO 5832-9 
(Table 2). 

Table 2 Composition of oxide films on Ti6Al4V and ISO 5832-9

Surface composition (% atomic)

Ti6Al4V/oxide ISO 5832-9/oxide

Ti - 56.19 Cr – 21.03

Al - 4.23 Fe – 70.48

V - 2.04 O – 7.58

O - 16.85

In Table 2, an element referred to as oxygen was detected in both biomateri-
als, and it can indicate the presence of an oxide layer surface. On the Ti6Al4V al-
loy, the atomic percentage of the oxygen was around 16% and for the ISO 5832-9 
stainless steel it was around 7%. Thus, a lower atomic percentage of the element 
oxygen was observed on the stainless steel surface when compared with the alloy. 
This is probably due to the reduced thickness of the oxide layer on the stainless 
steel (~3 nm) as compared to the alloy (~12.5 nm), where the diffusion of oxygen 
ion was higher and evident when the potential applied was 5.0 V. 
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After 10 days immersion in the SBF solution, the surfaces with the anodic 
oxide grown up to low potential showed a significant deposition of globular hy-
droxyapatite on the Ti6Al4V (Figure 4a). However, with the ISO 5832-9/anodic 
oxide system grown up low potential there were no Hpa globules on the surface 
(Figure 4b). This indicates a reduced degree of biocompatibility of the ISO 5832-9 
when compared to the Ti6Al4V/anodic oxide formed in a low potential system. 
Probably, this is due to the excellent interaction of the surface covered with tita-
nium dioxide (TiO2) and oxy-hydroxy titanium (TiOOH) with calcium and phos-
phorus ions, which can provide better surface bioactivity (Kokubo et al., 1996).

(A)	 (B)

Figure 4 SEM photomicrographs. (A) Ti6Al4V/anodic oxide up low potential (5.0 V)/Hpa; presence at 3,000x, arrow 
shows Hpa globules (B) ISO 5832-9 /anodic oxide up low potential (1.0 V)/Hpa absence at 1,000x. 

3.3 Surface characterization – in vivo

Six weeks after implantation of the electrochemically treated biomaterials in 
the rat tibia, in vivo tests were used to determine the results of the post-surgical 
intervention by observing the contact between the bone implant interface using 
photomicrographs obtained by SEM. The comparison between the groups was 
based on this analysis of the bone/implant interface (Clarke et al., 2004; Pulleo 
& Nanci, 1999).

The SEM photomicrographs allowed analyzing the bone-implant interface 
and the osseointegration process. All the distances were measured in micrometers 
(µm) between the bone and its implant using the SEM/EDS software (Table 3). 
SEM photomicrographs of bone implant interface Ti6Al4V/control and bone im-
plant interface ISO 5832-9/Control showing no new bone formation can be seen 
in Figure 5 A and B, respectively.
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Bone

Ti6Al4V 5832-9

Bone

(A)	 (B)

Figure 5 SEM photomicrographs. (A) bone implant interface Ti6Al4V/control at 1,650x and (B) bone implant interface 
ISO 5832-9/Control at 1,650x.

Table 3 shows the distances between the implant and the bone of the Con-
trol Group, Ti6Al4V and ISO 5832-9, obtained using SEM/EDS software. These 
distances suggest an absence of implant-bone interaction in the Control Group as 
compared to the treated groups.

Table 3 Distances (µm) implant-bone interface of Group Control 

Biomaterial Interface/ µm

Ti6Al4V 3.4 µm

ISO 5832-9 6.9 µm

Figures 6A and B show the SEM photomicrographs of implant-bone interface 
Ti6Al4V/anodic oxide up low potential (5.0 V) and bone implant interface ISO 
5832-9/anodic oxide up low potential (1.0 V), respectively. The Figure 6A shows 
the intimate bone apposition of the interface Ti6Al4V/anodic oxide with up to 
low potential (5.0V), where can be observed presence of more mature bone tissue 
and a uniform bone matrix growing around the implant, with no gap between the 
biomaterial and the bone. However, in the Figure 6B for ISO 5832-9 can be noted 
the absence of implant-bone interaction. This aspect was confirmed when the dis-
tance between the implant and the bone was measured with a value around ~9.2 
µm (Table 4). Thus, it could be supposed that the Ti6Al4V alloy showed a more 
effective bone integration response compared to ISO 5832-9 stainless steel with 
the same electrochemical treatment. These results corroborate with some studies 
reporting that the presence of an anodic oxide could have a positive effect on the 
adhesion and proliferation of bone cells (Yun et al., 2010; Zhu et al., 2002).
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Bone

Ti6Al4V

5832-9

Bone

(A)	 (B)

Figure 6 SEM photomicrographs. (A) bone implant interfaceTi6Al4V/anodic oxide up low potential (5.0 V) at 1,650x 
and (B) bone implant interface ISO 5832-9/anodic oxide up low potential (1.0 V) at 1,650x, arrow shows the distance 

between the bone and stainless steel.

Table 4 Distance (µm) implant-bone interface of anodic oxide up low potential. 

Biomaterial Interface/ µm

Ti6Al4V/anodic oxide up low potential 0.0 

ISO 5832-9/anodic oxide up low potential 9.2 

Figures 7A and B show the SEM photomicrographs of implant-bone inter-
face of the groups exposed to anodic treatment oxide up to low potential and 
hydroxyapatite (Hpa) after 10 days of immersion in the SBF solution.

Bone

Ti6Al4V

5832-9

Bone

(A)	 (B)

Figure 7 SEM photomicrographs. (A) bone implant Interface Ti6Al4V anodic oxide up low potential (5.0 V) after 
immersion in SBF for 10 days at 1,650x and (B) bone implant interface of ISO 5832-9/ anodic oxide up low potential (1.0 

V) after immersion in SBF for 10 days at 1,650x, arrow shows the distance between the bone and stainless steel.
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SEM photomicrographs of the implants treated with the anodic oxide up to 
low potential and Hpa group showed similar behavior to the group exposed only 
to anodic oxide up to low potential (Figure 7A and B). Ti6Al4V anodic oxide 
up low potential exhibited the greatest efficiency in the osseointegration process 
as seen in the direct contact between the bone and the implant (Figure 7A). On 
the other hand, the ISO 5832-9 stainless steel was less effective than Ti6Al4V 
(Figure 7B). This means that in the titanium alloy group should have induced 
more mature bone even when the surface was treated only by electrochemistry. 
It could indicate that the interaction between the bone and the Ti6Al4V could be 
explained by the greatest affinity of TiO2 with the bone (Yun et al., 2010; Zhu et 
al., 2002). In synthesis the surface treated only with oxide growth was sufficient 
for an effective osseointegration process. Thus, it can be supposed that there is no 
need for activating the surface with Ca and P ions as carried out in the immer-
sion tests. All the ISO 5832-9 groups demonstrated less osseointegration process, 
suggesting that the Ti6Al4V, with only the presence of TiO2, oxide, exhibited an 
excellent response in vitro and osseointegration in vivo.

4. Conclusion
Bone formation was greater with Ti6Al4V at the surfaces submitted to elec-

trochemical treatment compared to the other groups (control and anodic oxide 
with up to low potential and Hpa). These results suggest that the anodic treat-
ment could improve the in vivo biological response. Thus, the presence of TiO2 
obtained by the potentiodynamic method up to low potentials (thin oxide) on the 
titanium based orthopedic implants enhanced the osseointegration process.
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