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The aim of this work was to investigate the effect of galvanic coupling between stainless steel AISI 316 L
abutment type Morse taper and implant made of ASTM F1108-14 Ti-6Al1-4V alloy. The assembly of the two alloys
was carried out using mechanical imbrication by means of successive strikes at 0.05 J force onto the abutment

;‘2;\51:1; o inserted in the implant along the centerline. Corrosion attack at the interface of the alloys was evaluated ac-
Corrosioxl: cording to the number of strikes used for joining the parts. Corrosion resistance was evaluated for the samples by

open circuit potential measurements as function of time and scanning vibrating electrode technique (SVET) and
scanning ion selective electrode technique (SIET) in phosphate buffer solution with pH adjusted to 3.0, and into
which hydrogen peroxide was added to simulate tissue inflammatory conditions. Samples were evaluated at the
cross and longitudinal sections. Results indicated that the number of strikes used in assembling affected corrosion
susceptibility. The lowest amount of corrosion products was associated to the highest number of strikes used. The

corrosion resistance was related to the characteristics of the crevice between the implant and the abutment.

1. Introduction

Dental implants were designed with the aim of improving the
masticatory and aesthetic functions of edentulous patients. In order to
use metallic materials in the manufacture of dental prostheses, implants
had to meet certain properties to be safely inserted into the human body,
such as high mechanical strength, biocompatibility and corrosion
resistance [1-3].

The materials used in the manufacture of prosthetic pillars can be of
different types, such as gold alloy, silver-palladium, nickel-chromium,
cobalt-chromium, stainless steel and also titanium and its alloys [4].
However, when two or more of these materials are in electrical contact,
they present risks of undergoing galvanic corrosion. This is due to the
oral region being able to act as an accelerator of the corrosion process
due to the aggressiveness of the medium, including pH changes, varia-
tion of oxygen concentration, presence of microorganisms, mechanical
stress and, eventually, harsh conditions due to inflammation processes
[4-6].

In order for implants to present high durability, one of the most
important factors is the way in which the connection between the
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abutment and the implant is made. This connection must be carried out
according to the torque indicated by the manufacturer of the implant,
thus providing a correct fitting of the parts thus minimizing the prob-
lems in the gap region between them [3].

Implant and prosthetic abutment subjected to stress might be
deformed and consequently, loosening of the connection might occur.
This effect can lead to infiltration by saliva, microorganisms, glycopro-
teins and other components of body fluids. This infiltration into the
inner part of the implant results in it acting as a reservoir for commensal
and/or pathogenic bacteria, mainly anaerobic bacteria, due to low ox-
ygen availability. Consequently, it can result in inflammation of the peri-
implant tissue and, consequently, bone resorption [5-11].

A prosthetic abutment connection fastened with a tapered interfer-
ence fit allows the part to be angled, providing better planning and
positioning of the dental implant according to the bone quality of the
patient. The angulation of the abutment leads to accentuated plastic
deformation, hindering the use of titanium alloys and requiring mate-
rials with higher straining capacity so that the metallurgical and me-
chanical quality of the set is not affected [3]. A material that can be used
in the manufacture of such pillars is the AISI 316 L stainless steel.
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Dental implants are placed in the oral region with the platform of the
implant at or under the level of the alveolar bone crest, and the region of
the pillar-implant interface is exposed to body fluids. Consequently, the
implants may suffer bacterial infiltration due to the gap between the
abutment and the implant [12]. Different types of implant systems are
observed with different connections of the implant-abutment interface.
An important factor of implant-abutment connections is its watertight-
ness and consequently biological stability by preventing the entry of
saliva and bacteria into the internal region of the implant. This can be
achieved by different types of sealing.

The Morse taper connection represents an alternative to the internal
and external hexagonal connections [13]. Through the superposition of
the components of the implant-abutment system, a better fit between the
parts is obtained, providing a smaller gap and, consequently, influencing
bacterial infiltration; in addition, it minimizes abutment loosening and
improves mechanical stability, decreasing peri-implant bone resorption
[14-16]. However, studies in the literature show that bacterial and body
fluid infiltration can occur in Morse taper implants [17-20].

In their study, Harder et al. [19] evaluated the sealing capacity of
conical connections inoculated with lipopolysaccharides (LPS) in order
to assess microleakage in the gap region between implants. LPS was used
due to its small molecular size which is capable of penetrating into very
small spaces. The results showed that microleakage at the molecular
level might occur in the microgap between the implant and the abut-
ment, using the torque recommended by the manufacturer and under
static conditions; this effect could be more significant when the implant
was subjected to cyclic loading.

Faria et al. [21] compared the contamination of the internal parts of
different types of implants (external hexagonal, internal hexagonal and
Morse tapered connection) inoculated with Escherichia coli. The samples
remained in a test tube for a period of 7 days. After this period, the
samples that resulted in turbidity in the solution were transferred to a
Petri dish containing TSA (tryptic soy agar) and incubated at 37 °C for
24 h to assess bacterial viability. The results obtained showed the
presence of a low level of contamination at the abutment-implant
interface and the amount of bacterial infiltration was similar in all
types of connections studied.

The size of the gap between the prosthetic abutment and the implant
tends to increase the probability of bacterial colonization and its ac-
commodation inside the implant, leading to local acidification and in-
flammatory conditions [22]. One of the most frequent inflammatory
processes in patients with dental implants is peri-implantitis, which af-
fects the soft and hard tissue around the implant, causing bone resorp-
tion which, in the long term, can lead to implant failure [22].

In addition, the abutment-implant interface region has low access to
oxygen, which can trigger crevice corrosion. In this type of corrosion,
local acidification occurs, which can accelerate the corrosion process.
When an implant-abutment connection is manufactured with different
alloys, this assembly is also susceptible to galvanic corrosion due to
potential differences between the alloys, creating an in vivo galvanic cell
[21,23,24].

Despite the high corrosion resistance required by metallic materials
used in the manufacture of dental implants, the aggressiveness of the
medium can cause damage to the passive oxide layer that is usually
found on the material surface of biometallic materials. The breakdown
of the passive layer is followed by degradation of the exposed metal [25,
26]. Chloride ions are aggressive species to oxide films favoring its
breakdown mainly at the weakest sites of the passive layer. The weakest
sites are related to discontinuities in the oxide film due to heterogene-
ities in the alloy microstructure, mainly due to the presence of pre-
cipitates formed during the solidification of the alloy. The cleanest is the
microstructure of the alloy the more resistant is the oxide film.

There are many studies on the corrosion of Ti alloy used as dental
implants [1,2,4,27,28]. However, few studies investigated stainless steel
for this type of application [29,30], and, to our knowledge, there is no
previous published work on the effect of galvanic coupling stainless steel
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and Ti alloy and exposing them to conditions that simulate the oral
environment. Once the combination of the two materials is considered
for use as dental implants, it is important to evaluate their corrosion
behavior when exposed to the aggressiveness of the buccal medium. This
investigation intends to contribute with new knowledge on the corrosion
behavior of these two alloys when galvanically coupled.

The objective of this work was to study the corrosion mechanism
between the assembled alloys, titanium alloy ASTM F1108-14 Gr 5 (Ti-
6Al1-4V) [31,32] as an implant and stainless steel (SS) AISI 316 L, as a
prosthetic abutment connected with 3, 5 and 7 strikes at 0.05 J force, in
a solution of phosphate buffered saline (PBS) at acidic pH, in the pres-
ence of hydrogen peroxide which acts as a substitute for reactive oxygen
species (ROS) typical of inflammatory conditions [27,28].

2. Materials and methods
2.1. Samples

The Fig. 1 shows the design of a device (striker) used in conjunction
with the taper-lock abutment system, which is used for prosthetic teeth.
In this system, a titanium implant (see Fig. 1A) is placed in the jaw and
bone heals around the implant to anchor it. An abutment, which serves
as a post for attaching a prosthetic tooth, is placed in the implant
through a taper lock mechanism, the tapered interference fit is used for
fastening the two parts. The samples used in the present study, which
consisted of a Ti-6Al-4V dental implant with a Morse taper 316 L
stainless steel abutment.

2.2. Samples preparation

The prosthetic abutment was fixed to the implant using a striker
(Fig. 1A) and different numbers of strikes were used for fixation: 3, 5 and
7 strikes at 0.05 J of energy, according to the manufacturer’s specifi-
cations [3]. After this step, the samples were embedded in a cold curing
resin, in the longitudinal and transversal (cross-section) sections (see
Fig. 1B). Surface preparation was carried out prior to the electro-
chemical tests by sequential grinding the samples on SiC sandpaper with
particle sizes of #800, #1200, #2000 and #4000. Subsequently, the
surface of the samples was polished with a 1 pm diamond paste; the
samples were cleaned in a sonifier for 5 min and dried under hot air
stream. Finally, the samples were stored in a desiccator until the time of
testing.

2.3. Optical profilometry

In order to assess the size and depth of the gap region between the
implant and the abutment, measurements were taken using an optical
profilometer focusing on the implant/prosthetic abutment junction with
3 strikes, 5 strikes and 7 strikes.

2.4. Electrochemical characterization

Electrochemical tests were carried out using a phosphate buffer so-
lution with pH adjusted to 3 and with the addition of 1% (v/v) of
hydrogen peroxide (H202) as the electrolyte. Hydrogen peroxide was
used to simulate the effects of reactive oxygen species (ROS) [28,33].
The choice of this solution is to mimic inflammatory conditions and
typical of gaps, because, within the gap regions between the abutment
and the implant, the pH tends to be acidified [24,28]. Prior to the
electrochemical tests, the area to be tested was delimited around the gap
region (A = 0.04 cm?) using beeswax in order to avoid gaps between the
sample and the resin and also to maintain the same size of the exposed
area between alloys, so that it does not influence the electrochemical
behavior of the coupling.
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(A) PROSTHETIC ABUTMENT

IMPLANT

"o [ 316L stainless

» | Ti-6Al-4V
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Fig. 1. (A) Samples of Ti-6Al-4V dental implant connected to a 316 L stainless steel prosthetic abutment and the striker used to join the parts and (B) samples after
embedding in resin and surface preparation at longitudinal and transversal sections, with a cut off at the implant maximum height region. In (1) the dental implants

of Ti-6Al-4V and the abutment in (2).

2.4.1. Open circuit potential measurements

The open circuit potential (OCP) was measured as a function of
exposure time using the electrometer of a Gamry Reference
600 + potentiostat until a total time of 24 h. All tests were performed at
(25 =+ 2) °C, under natural aeration conditions. The electrolyte used was
an acidic solution (pH 3.0) of phosphate buffer solution (PBS) whose
composition is 8.5 g. L™! NaCl, 1.55 g. L™! Na,HPO, and 0.23 g. L™}
NaH,PO,4 with addition of 1% (v/v) of hydrogen peroxide.

2.4.2. Scanning vibrating electrode technique

Scanning vibrating electrode technique (SVET) was performed by
means of Applicable Electronics™ equipment which was controlled by
ASET 4.0 Software (Science Wares™). The vibrating electrode consisted
of Pt-Ir electrodes with deposited platinum at the tip. The vibrating
electrode was placed at 100 + 3 um above the tested surface. Vibration
occurred in the perpendicular (Z) and parallel (X) planes with an
amplitude of 19 uym. The electrode vibration frequencies were 174 Hz
(X) and 73 Hz (Z). The time interval between acquisitions of each cur-
rent density point was 0.5 s. All experiments were performed at (20 + 2)
°Cin a Faraday cage. Maps were obtained every 2 h for a period of 24 h.
The electrolyte used in the SVET tests was the same used for OCP
measurements, that is, PBS with the addition of 1% (v/v) of hydrogen
peroxide and pH adjusted to 3.0.

2.5. Scanning ion-selective electrode technique

Scanning ion-selective electrode technique (SIET) tests were

performed using the same equipment used in the SVET tests. The elec-
trode used in this technique is a capillary with an external diameter of
1.5 mm. A micropipette puller equipment (was used to mold the capil-
lary tip into a conical shape. The diameter of this tip was 2 pm. The
capillaries were silanized by injecting 200 uL. of N, N-dimethyl-
trimethylsilamine into a preparation chamber at 220 °C. The membrane
for selective H' microelectrodes was composed of 25 uL of hydrogen
ionophore II - cocktail B, and the internal reference solution was
composed of a buffer composed of 0.01 mol.L ™! of KH,PO4 in 0.1 mol.
L7! of KCl. A chlorinated silver wire was inserted into the capillary
resulting in the selective H" microelectrode. An Ag/AgCl electrode with
KCl solution was used as an external reference electrode. The H' se-
lective microelectrode was calibrated using buffer solutions according to
the Nernst equation. The microelectrodes showed stable and reproduc-
ible potential in the pH range between 6.9 and 10.6. The Nernst slope
was (58.0 £+ 0.1) mV/pH.

The selective microelectrode was located (50 + 3) um above the
surface. All tests were performed in a Faraday cage at (20 + 2) °C. The
electrolyte used in the SIET tests was a PBS solution of pH 7.0 to which
1% (v/v) of hydrogen peroxide was added. The aim of using this solution
was to evaluate the effect of corrosion under crevice conditions on the
pH of the solution. The test lasted 24 h, and maps were obtained every
2 h.

2.6. Immersion

After surface preparation, the samples for exposure in the
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longitudinal section and connected with 3 strikes, 5 strikes and 7 strikes
were immersed in PBS adjusted to pH 3.0 with the addition of 1% (v/v)
H0,. The exposed surface was observed after periods of 1 day, 4 days
and 7 days, and the development of corrosion products was evaluated by
surface observation using scanning electron microscopy (SEM). Samples
that had their cross-section exposed to the electrolyte were evaluated
after 7 days of immersion.

2.7. Scanning electron microscopy and energy dispersive spectroscopy
(SEM-EDS)

The surface of the tested samples was observed using scanning
electron microscopy (SEM) and the composition of the corrosion prod-
ucts were semi-quantitatively evaluated using energy dispersive spec-
troscopy, at an accelerating voltage of 15 keV.

3. Results
3.1. Optical profilometry

Fig. 2 shows the results of optical profilometry focusing on the
implant/prosthetic abutment junction with 3, 5 and 7 strikes.

The depth of the interface between the alloys (see Fig. 2) showed that
there are significant differences in the width and depth of gaps between
samples connected with different numbers of strikes. The sample con-
nected with 3 strikes presented a larger gap region, with a width of
80 um and a depth of 4.50 + 0.16 um. The sample with 5 strikes was
70 ym wide and 3.50 + 0.02 um deep, while the sample with 7 strikes
had a smaller gap between the alloys, with a width of 60 ym and a depth
of 3.00 &+ 0.07 pym.

3.2. Electrochemical characterization

Fig. 3 shows the variation of open circuit potential with the im-
mersion time for the samples connected with 3 strikes, 5 strikes and 7
strikes and also for 316 L stainless steel and Ti-6Al-4V separately in the
acidified electrolyte (pH 3.0).

The OCP results (see Fig. 3) show that among the alloys tested
individually, 316 L stainless steel presents higher potentials than the Ti-
6Al-4V alloy during almost the entire elapsed time of the test. This shows
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Fig. 3. Open circuit potential variation with immersion time curves for alloys
316 L and Ti-6Al-4V individually tested connected immersed for 24 h in PBS
solution with pH adjusted to 3.0.

that the 316 L stainless steel acts as a cathodic region when in contact
with the titanium alloy, which will act as an anodic region. It was also
observed that the stainless steel alloy presents some potential oscilla-
tions in the first 11 h of testing, indicating that this alloy is susceptible to
localized corrosion until stabilization. It is important to observe that the
direct coupling of 316 L SS and Ti-6Al-4V does not lead to a mixed po-
tential between the materials, but it becomes much more negative than
both materials. This means that both materials lose their passive state at
least partially, resulting in less compact and even poorly protective
hydroxide-containing layers, instead of the protective oxide layers.

Table 1 shows the initial and final values of potential for all tested
conditions and it is possible to observe that the potential increases with
the number of strikes, that is, for those samples that present a smaller
gap region between the parts.

The results in Table 1 clearly demonstrate the effect of the number of
strikes for connecting the prosthetic abutment to the dental implant on
the electrochemical behavior of the materials. The samples with
abutment-implant coupling connected with 3 strikes and 5 strikes

250 um

0

14

2

34

-4 — 7 strikes
5 . , x
1 0 20

- 5 strikes

Height (um)

250 pm

Horizontal position (um)

Fig. 2. Optical profilometry of the 316 L stainless steel prosthetic abutment connected to the Ti-6A1-4V dental implant after mechanical joining with 3, 5 and

7 strikes.
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Table 1

OCP potentials in mV (initial and after 24 h of exposure (final) exposure to PBS
solution at pH 3.0) for the 316 L stainless steel, for the Ti-6Al-4V alloy and for
the connected samples by strikes.

Einitial (mV) Efinal (mV) 24 h
316 L 308 441
Ti-6Al-4 V 161 136
7 strikes 246 -161
5 strikes 208 -190
3 strikes -42 -217

presented potential instabilities during the whole test, being this
behavior typical of passive film attack and pitting nucleation. The results
show that the implant connected with 7 strikes presents nobler poten-
tials with a significant drop after 11.000 s. Among the samples, that
connected with 3 strikes presented the greatest potential drop, which
occurred in the first minutes of the test, indicating an intense attack on
the passive film, mainly at the interface between the abutment and
implant. The low potential values of the coupled alloys compared to the
two alloys tested separately shows a strong effect of the galvanic
coupling on the sample electrochemical behavior. In brief, the high
passivity resistance of these materials is compromised by galvanic
coupling.

Fig. 4 shows the SVET results for 2 h and 24 h of exposure of the
samples corresponding to 3 strikes, 5 strikes and 7 strikes to the acidified
electrolyte and the images of surfaces by SEM after SVET tests.

The SVET maps in Fig. 4A show that the lowest electrochemical ac-
tivity in the first hours of the test is related to 7 strikes sample. For this
sample, it is observed that the Ti-6Al-4V alloy acts as preferentially as an
anodic area (areas in red) in comparison to 316 L stainless steel. The
anodic areas are located mainly in the titanium alloy and not exactly at
the interface between the two alloys. There is also anodic activity at the
interface region between the alloys (yellow areas). The sample prepared
with 5 strikes showed higher proportions of anodic areas (red areas) in
the interface region and over the titanium alloy, while the sample with 3
strikes exhibited anodic areas mainly at the interface region.

Fig. 4B shows SVET maps obtained for 24 h of immersion. Note that
after 24 h, the electrochemical activity decreased in the samples con-
nected with 3 and 5 strikes, while it increased in the sample with 7
strikes. This fact can be explained by the precipitation of corrosion
products originating in the most electrochemically active areas that
corresponded to the samples with 3 and 5 strikes, and, consequently, by
the formation of a partial barrier between the metallic substrate and the
corrosive medium.

Fig. 4 C shows the presence of attacked areas at the interface but also
on the surface of the 316 L steel, as indicated by the black arrows. These
attacks occur due to local acidification resulting from corrosion re-
actions located mainly in the gap regions between the two alloys. This
region gives rise to conditions typical of crevice with a decrease in local
pH and destabilization of the protective oxide on the surface, particu-
larly in the region close to the interface. It is observed that after 24 h of
exposure to the corrosive medium of the SVET test, the samples with 7
strikes presented smaller amounts of corrosion products, which is
related to the smaller gap between the alloys. As soon as the material
(abutment-implant) comes into contact with body fluids, corrosion will
start, and the corrosion products tend to deposit in the crevice regions.

Fig. 5 shows the SVET maps of the samples exposing the transverse
section connected with 3, 5 and 7 strikes comparing their electro-
chemical behavior after 2h, 14 h and 24 h exposure to the acidified
electrolyte.

The SVET maps (Fig. 5A) of the transversal section show that since
the first hours of testing, the sample connected with 7 strikes showed
less electrochemical activity, with a homogeneous distribution of
cathodic area (areas in blue) on the stainless steel and decreased the
number of red spots with the time of the test. The sample connected with
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5 strikes showed anodic areas (red dots) since the first hours of the test,
related to a the Ti-6Al-4V alloy but there is no significant increase in the
anodic areas, showing a fair stabilization of the corrosion process until
24 h of immersion. On the other hand, the sample prepared with 3
strikes showed increasing evolution of the areas affected by corrosion
along the test period with localized attack being seen on the stainless
steel after 14 h of test. This is due to the aggressive conditions generated
by the corrosion at the interface between the two alloys.

Fig. 5B shows SEM images of the exposed surface of the pillar-
implant connection, in the transverse section at maximum implant
height, with the abutment inserted with 3 strikes, 5 strikes and 7 strikes.
After 24 h of exposure to the electrolyte for SVET test, the exposed
surface showed small pits on the surface of stainless steel for samples
obtained with 3 strikes and 5 strikes, corroborating the SVET maps.

Fig. 6 shows SEM images the surfaces exposed for 7 days to the
acidified electrolyte. The SEM images observed after 24 h of immersion
in the electrolyte, leading to a large number of pits at the surface attack
of the 316 L stainless steel but also on the titanium alloy for the sample
obtained with 3 strikes. There is also evidence of attack on the sample
obtained with 5 strikes, but only two spots were seen on the titanium
alloy of the sample obtained with 7 strikes. The results show the
importance of the size of the gap that leads to crevice, on the corrosion
resistance of the galvanically coupled samples. It was clear that the
resistance of the samples to localized attack increased with the
decreased gap between the two alloys.

3.3. Surface characterization of immersion tests

The region affected by corrosion, according to the number of strikes
used, can be observed in the SEM images obtained after 1 day, 4 days
and 7 days of immersion in the acidified electrolyte, see Fig. 7. This
Figure shows the influence of the size of the gap between the two alloys
and the corrosion. The sample prepared with 7 strikes presented lower
amounts of corrosion products at the interface of the alloys. On the other
hand, the sample with 3 strikes showed the greatest volumes of corro-
sion products deposited among the tested and the products located
preferentially on the titanium alloy.

As far as it is known by the authors, there are no reports in the
literature of studies on the galvanic corrosion between Ti-6Al-4V alloys
and 316 L stainless steel used as dental implants. However, the results of
this study suggest that the corrosion mechanism of the samples evalu-
ated in this study, promoting galvanic coupling between a titanium alloy
dental implant and a 316 L stainless steel prosthetic abutment, is
dependent on the gap/crevice conditions between the two alloys, with
crevice corrosion being a significant factor affecting the corrosion
behavior at the connection of the alloys. For arrangements that favor
crevice conditions at the gap, corrosion initiation and propagation will
be stimulated with the consequent accumulation of corrosion products
in the interface region between the two alloys. It must be mentioned that
the galvanic effects also are mainly effective at the interface between the
two alloys.

EDS results evaluated the semi-quantitative composition of the
corrosion products after immersion tests, and the spectrum is shown in
Fig. 8. EDS allows detection of the largest (above 10% by mass) and
smallest elements (around 1-10% by mass) present at the abutment-
implant interface, with a detection limit of 0.1% mass [34]. The
composition of the spectra was determined and the values are shown in
Table 2.

The spectrum in Fig. 8 and Table 2 show that Fe and Ti are the ele-
ments present in higher amounts. These are the most abundant elements
in the alloys used in this study. Ni, Cr, C and Mo are also elements
present in the composition of 316 L stainless steel. The presence of these
elements deposited at the pillar-implant interface shows that the two
alloys suffered corrosion in contact with the electrolyte, indicating that
the predominant corrosion mechanism at the connection of these alloys
is crevice corrosion considering that for the sample obtained with 7
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A

200 ym

corrosion attack —

200 um

200 ym

Fig. 4. (A) SVET maps for Ti-6Al-4V alloy (implant) connected to 316 L stainless steel (abutment) corresponding to 3, 5 and 7 strikes, after 2 h and 24 h immersion in
PBS (pH 3.0) with 1% (v/v) of HyO,. (B) Backscattered electrons scanning images of the interface region between Ti-6Al-4V alloy and 316 L steel for samples
obtained with 3, 5 and 7 strikes, after 24 h exposure in PBS solution, (pH 3.0) and with 1% (v/v) of HyO,. Area (1x4) mm?2.
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A Image during
SVET test

SS 316L
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Ti-6Al-4V

5
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14 hours | 20 hours |
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Fig. 5. (A) SVET maps of samples exposing the transversal section of the Ti-6Al-4V alloy (implant) connected to 316 L stainless steel (prosthetic pillar) connected
using 3 strikes, 5 strikes and 7 strikes after 2 h, 14 h and 24 h. (B) Backscattered electrons scanning images of the samples obtained with 3 strikes, 5 strikes and 7
strikes with transversal section (cross-section) after 24 h of exposure to the electrolyte. Electrolyte: PBS solution (pH 3.0) and 1% (v /v) of HoO5. Area (4x4) mm>.

strikes, the amount of corrosion products formed was very low.

Vanadium is present in the Ti-6Al-4V alloy and the fact that it was
detected in the corrosion product, however, is important to be noted.
Vanadium in its elemental condition and as oxides, is toxic to humans,
and is associated with osteolysis, neurotoxic effects, neuropathy and
osteomalacia [12,35]. Consequently, it is important that the amount of
liberated vanadium in the body fluids be very low. Sodium, chlorine and
phosphorus are elements present in the phosphate buffer solution (PBS)
and, consequently, react with cations originating from corrosion being
deposited on the attacked regions.

3.4. Local pH of the gap region

Fig. 9 shows the local pH maps of the samples with a longitudinal
section exposed to the neutral electrolyte (pH 7.0) and connected with 3
strikes, 5 strikes and 7 strikes. Due to the highly acidic condition of the
solution of pH 3.0, the variations caused by corrosion had no visible
effects on pH throughout the test. Therefore, it was necessary to carry
out the tests at pH 7.0 to evaluate the effect of the gap that led to crevice
conditions on the localized pH of the electrolyte with 1% (v/v) Hy05.

The SIET results for the sample connected with 3 strikes (Fig. 9A)
show that even after the first minutes of testing, the pH of the electrolyte
already presented a rapid decrease, from 7.0 to 5.3, due to the effect of
corrosion in the gap/crevice region between the two alloys. This
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1 mm

100 um

Fig. 6. Backscattered electrons images of samples with transversal section (cross section) exposed to the electrolyte and obtained with (A) 3, (B) 5 and (C) 7 strikes
after 7 days of immersion in PBS solution with pH adjusted to 3 and addition of 1% (v/v) H,O,. In (D) localized corrosion the 316 L alloy of the sample obtained with

3 strikes and in (E) magnification of (D).

decrease is more significant after 10 h of immersion, with the pH of the
electrolyte reaching values of 4.6. For longer periods, there was no
further change in the electrolyte in contact with all samples.

The sample connected with 5 strikes (Fig. 9B) shows a pH drop from
6.9 after immersion to 5.3 after 10 h of immersion, showing the effects
of localized corrosion on the electrolyte.

Finally, the SIET maps for the sample connected with 7 strikes
(Fig. 9C) show that the pH value did not change significantly from the
start of exposure (pH 6.8) until 10 h of immersion (6.5), supporting all
the previous results presented.

It is important to note that the size of the gap between the abutment
and the implant causes changes in surface pH due to the corrosion
processes that are taking place within the gap.

4. Discussions

The gap region between the abutment and the implant is more sus-
ceptible to corrosion. This occurs due to local acidification between the
parts, mainly inserted in the oral region, in which there is a decrease in
oxygen flow, making it difficult to restore the passive layer of the metal
[24]. Galvanic corrosion occurs when the dental implant and the pros-
thetic abutment are made of different metals, this type of corrosion
occurs when there is saliva infiltration between the implant and the
prosthetic abutment, forming a galvanic cell in vivo, due to the potential
difference between the metals. This galvanic cell is capable of generating
a flow of electrical current through the junction between metals and
tissues, causing pain to the patient and also possibly leading to bone
destruction [36-38].

In galvanic corrosion, the less noble metal acts as anode (Eq. 1),
causing the metal to dissolve when in contact with the corrosive envi-
ronment, while the metal that has more positive potential (nobler) acts
as cathode (Egs. 2 and 3). All the reactions result in pH changes in the
environment close to the samples. In the case of the cathodic regions, the

generation of hydroxyl ions or the consumption of hydrogen ions will
lead to pH increase, whereas in the anodic regions, the generation of
metallic cations will promote water hydrolysis and pH decrease, with
acidification of the electrolyte close to the samples [39,40]. If chloride
ions are present in the environment, the formation of an acidic medium,
according to Eq. 4, will occur.

Me - M"" 4 ne” Anodic @
O, + 4e” + 2 H,O — 40H" Cathodic (2)
0, + 4 H" + 4¢” = 2 H,0 Cathodic 3)
MCl, + nH,0 — M(OH), + nHCI 4

In addition to galvanic corrosion, dental implants can suffer crevice
corrosion due to the geometry of the pillar-implant interface, where
local oxygen depletion occurs and the concentration of metallic ions
increases in the solution with contact with the anodic areas. The exposed
metallic material in contact with a solution of different oxygen con-
centrations will lead to differential aeration cells which are favored
when the solution contains chloride ions [36-38].

Crevice corrosion occurs when the oxygen in the region of solution
where oxygen replacement is difficult has its oxygen consumed. As the
region is occluded, oxygen renewal is difficult leading to metal oxidation
and predominance of positive charges in solution (H"). As the oxygen is
consumed, the anodic reaction is maintained, generating a high con-
centration of positively charged ions (M""), the metal cations favors
water hydrolysis and once the metal cations react with hydroxyl ions,
there is imbalance of H' in solution. Due to a balance of positive charges
in that part of the solution, chloride ions (Cl") will migrate to the gap
region, with the consequent formation of MCl,. Chloride ions will un-
dergo hydrolysis by water, forming a metal hydroxide and an acid (HCI),
as observed in Eq. 4 [35-38,40-42]. Hydrolysis results in acidification
within the gap as seen in the SIET results of this study, hence the
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Fig. 7. Backscattered electrons scanning images of the connection between titanium alloys and 316 L stainless steel, in the longitudinal direction, with (A) 3, (B) 5
and (C) 7 strikes, after immersion for 1 day, 4 days and 7 days in PBS solution, with adjusted pH in 3.0 and addition of 1% (v/v) of HO,.

deposition of corrosion products, as seen in the SEM images.

The role of Cl ions in the crevice corrosion related to the joint of
implant-abutment is similar to that of these ions on pitting corrosion.
Chloride ions are adsorbed on the oxide film decreasing its protective
nature and favoring film breakdown. Once the crevice is a region of low
access to oxygen, if the passivating oxide film is broken at its weakest
sites, its restoration is hindered by the difficult access of oxygen to the
interior of the crevice. Thus, a differential aeration cell is formed be-
tween the exposed areas and the inner parts of the crevice promoting
corrosion propagation. Ti alloys are more resistant against chloride ion
attacks than stainless steel because Titanium oxides present improved
protective properties compared to the passive oxide on stainless steel
resulting in a surface film that is highly resistant to chloride attack. The
higher corrosion resistance of Ti alloys in chloride-containing environ-
ments compared to stainless steel is due to the Ti alloys microstructures
that present a lower amount of heterogeneities at the surface, such as
precipitates and second phases, than the stainless steel.

Fig. 10 illustrates the crevice corrosion mechanism starting at the
gap/crevice region presenting lower oxygen concentration than the
areas with free access to oxygen, and thus, resulting in potential dif-
ferences between the two areas which lead to corrosion initiation, that
is, dissolution of metal at the anodic sites (Eq. 3).

Al’Otaibi et al. [43] evaluated the corrosion behavior of dental im-
plants in the presence of artificial saliva using two dissimilar titanium
implants Ti ¢, and Ti-6Al-4V coupled to a Co-Cr prosthetic abutment and
electrochemical tests revealed that, with increasing immersion time,

corrosion attack by artificial saliva increased with time on the surface of
the coupled metals. In the present study, increased amounts of corrosion
products were observed for the samples with gaps that acted as crevices
between the titanium alloy and 316 L stainless steel with the increased
test time, corroborating the results of Al’Otaibi et al. [43].

Reclaru et al. [44] performed in vitro study of 15 prosthetic alloys,
including gold-based alloys, palladium-based alloys and non-precious
alloys coupled to Ticp, forming galvanic coupling. The potential values
of the alloys separately, and of the coupling with titanium, were eval-
uated by open circuit potential measurements and showed that the
precious alloys presented higher potentials than titanium or titanium
alloy resulting in corrosion attack of titanium. Non-precious alloys, on
the other hand, presented lower potentials than the Ti., or Ti alloy, thus,
the last materials will act as cathodes.

Mellado-Valero et al. [45] evaluated the galvanic corrosion behavior
of five dental implants made with different materials, specifically, Co-Cr,
Ni-Cr-Ti, gold and Ti-6Al-4V alloys, all coupled to a Ti grade 2 alloy, in
various solutions, specifically, artificial saliva, and acidic solutions,
either with or without fluoride ions. The open circuit potential mea-
surements showed that Au in contact with Ti., presented a nobler po-
tential while the Co-Cr alloy exhibited more negative potential in
artificial saliva solution without fluoride. The results obtained in arti-
ficial saliva containing fluoride ions showed that Au also presents a
nobler potential in this medium, with the most negative potentials being
observed for the titanium alloy. The study showed that galvanic corro-
sion is dependent on the conditions of the environment and the materials
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keV

Fig. 8. EDS spectrum obtained in a scanning electron microscope and insert

implant connection.

Table 2

Semi-quantitative composition in % mass of the
corrosion product deposit on the pillar-implant
connection measured using energy dispersive
spectroscopy technique in an electron scanning

microscope.
Elements Mass (%)
Ti 22.87
Fe 15.85
Na 13.86
Cl 13.24
C 12.13
(6] 8.12
Cr 4.86
P 4.12
Ni 3.14
A% 1.06
Mo 0.74

used in the galvanic coupling since the junction of Ti with Au is more
resistant to galvanic and crevice corrosion than the coupling of Ti with
non-precious metals that presented high susceptibility to crevice
corrosion.

Taher et al. [46] evaluated the galvanic corrosion behavior of Co-Cr,
Ni-Cr, Ag-Pd, Au and Ti ternary alloys coupled to a Ti abutment in
artificial saliva. The results showed that the gold alloy did not present
susceptibility to galvanic coupling with Ti implant. The Co-Cr alloy
R2000 was the least acceptable combination in terms of resistance to
galvanic corrosion and the amalgam showed galvanic interaction, not
being recommended to use these two materials in the oral region.

Quezada-Castillo et al. [47] performed a study of galvanic corrosion
between Ti-6Al-4V alloy and with Co-Cr or Ni-Cr in aerated artificial
saliva using electrochemical techniques such as open circuit potential
and potentiodynamic polarization curves. The results of galvanic
coupling between the Ti alloy and Co-Cr were more resistant to

10

10

of the micrograph showing corrosion products deposited under the pillar-

corrosion than the coupling between Ti-6Al-4V and Ni-Cr.

According to Oh et al. [4], one of the corrosion mechanisms that can
occur at the pillar-implant interface is crevice corrosion, since the
joining of the two materials (implant and prosthetic abutment) can
result in a region with low oxygen availability and thus, an increased
concentration of metal ions in solution, favoring a decrease in local pH.
Thus, with the immersion time, the TiO; film becomes weakened,
leading to corrosion acceleration, corroborating the results of this study.

5. Conclusions

The electrochemical behavior of samples of Ti-6A1-4V dental implant
connected to stainless steel AISI 316 L prosthetic abutment was inves-
tigated in solution that simulate inflammatory and crevice conditions.
The assembly of the two alloys was carried out using mechanical
imbrication by means of successive strikes at 0.05J force onto the
abutment inserted in the implant along the centerline two alloys using
either 3 strikes, 5 strikes or 7 strikes. The results led to the following
conclusions:

1. The Ti-6Al-4V alloy acted as anode whereas the stainless steel as
cathode in the galvanic couple.

2. The susceptibility to localized attack at the interface between the two
alloys increased as the number of strikes decreased and this was
related to the gap, either width or depth, between the two alloys.

3. The increased resistance to localized attack at the boundary between
the two alloys with the increased number of strikes was supported by
all the electrochemical tests carried out and by analysis of the
exposed surface after tests by electrochemical microscopy and visual
observation.

4. The use of local electrochemical techniques proved very useful in
evaluating the corrosion of dental implants made with different
metallic materials leading to galvanic coupling.
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Fig. 10. Illustration of the samples with the abutment (AISI 316 L) and the implant (Ti-6Al1-4V) connected and the gap between the two materials leading to a

mechanism of crevice corrosion.
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