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Abstract: Titanium dental implants show very good properties, unfortunately there are still issues
regarding material wear due to corrosion, implant loosening, as well as biological factors—allergic
reactions and inflammation leading to rejection of the implanted material. In order to avoid performing
reimplantation operations, changes in the chemical composition and/or modifications of the surface
layer of the materials are used. This research is aimed at explaining the possible mechanisms of
titanium dissolution and the role of oxide coating, and its damage, in the enhancement of the corrosion
process. The studies of new and used implants were made by scanning electron microscopy and
computer tomography. The long-term chemical dissolution of rutile was studied in Ringer’s solution
and artificial saliva at various pH levels and room temperature. Inductively coupled plasma mass
spectrometry (ICP-MS) conjugated plasma ion spectrometry was used to determine the number
of dissolved titanium ions in the solutions. The obtained results demonstrated the extremely low
dissolution rate of rutile, slightly increasing along with pH. The diffusion calculations showed that the
diffusion of titanium through the oxide layer at human body temperature is negligible. The obtained
results indicate that the surface damage followed by titanium dissolution is initiated at the defects
caused by either the manufacturing process or implantation surgery. At a low thickness of titanium
oxide coating, there is a stepwise appearance and development of cracks that forms corrosion tunnels
within the oxide coating.

Keywords: dental implants; corrosion; ringer’s solution; artificial saliva; titanium oxide layers;
inductively coupled plasma mass spectrometry (ICP-MS)

1. Introduction

Titanium alloys possess good strength properties and high resistance to the most aggressive
environments such as hydrochloric acid or sulfuric acid [1-3]. The compact, stable oxide layer [4]
is responsible for corrosion resistance and biotolerance, effectively stopping the anodic pickling of
the substrate [5-7]. Another important function is to chemically stabilize the implant in the living
organism [4,8-10]. The more compact and bonded the passive layer is to the substrate, the better the
corrosion resistance. In the case of thick oxide layers, an improvement in tribological properties may
also be observed [7]. According to Hanawa et al. [11], the top sublayer of the titanium oxide layer
inhibits metal ion release [12,13] and its transformation in vitro. Additionally, the oxide layer promotes
osseointegration and bone adhesion [14-16].

It is known that each implant inserted into the body is treated as a foreign body and can cause
allergic reactions, inflammations, even the rejection of the implant. The human body is a very specific
environment as the body fluids—extracellular fluids and blood—contain aqueous solutions of certain
organic substances, dissolved oxygen, various inorganic anions (CI~, HPO42_, HCO3_), and cations
(Nat*, K*, Ca?*, Mg?"), which together represent a highly aggressive environment [17]. The presence
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of amino acids and proteins accelerates the corrosion processes [18]. Besides, in the case of dental
implants, the composition of the saliva is highly complex, containing both inorganic salts and organic
components. This composition depends on many factors such as food, age, and diseases and the
pH of saliva can vary around dental implants. The ingestion of acidic beverages can decrease the
buccal pH, and the infections can also acidify the pH of saliva, contributing to the corrosion of dental
implants. On the other hand, titanium and its alloys are sensitive to tribocorrosion [19]. The oxidation
is performed mainly to prevent corrosion of titanium and its alloys in severe conditions. For dental
implants, such oral environments include varying pH, acid attack and the presence of chemical
compounds such as cetylpyridinium chloride, sodium fluoride and hydrogen peroxide [20].

The action of media containing fluoride ions causes degradation of the continuity of the oxide
film followed by damage to the titanium as a result of the ingestion of fluoride ions into the oxide layer,
thereby reducing its protective properties [21,22].

Corrosion processes influence changes in the structure of the implanted material, weakening
its integrity, which can result in material discontinuities and cracks. Cells in direct contact with the
exposed surface of the material are stimulated for the intensive secretion of inflammatory mediators,
mainly neutrophils and macrophages [23]. In vitro studies [24] show that corrosion products are
harmful to cell differentiation and proliferation processes.

The dissolution of the titanium oxide layer is due to the process of ion diffusion into the layer.
In titanium, the oxygen atoms migrate via the interstitial diffusion mechanism, occupying the free,
octahedral interstitial positions in the titanium hexagonal lattice. Studies conducted by Wu and
Trinkle [25] showed that for oxygen atoms not only interstitial but also axial positions are available,
i.e., all arrangements of oxygen atoms in the titanium matrix are possible.

The oxidation of titanium is faster when the material is subjected to high temperatures and the
influence of an oxygenated environment. The overall oxidation reaction includes the formation of
oxide followed by the diffusion of oxygen into the bulk of the titanium. Oxygen diffusion creates an
oxygen-enriched layer due to the high solubility of oxygen in the titanium and the oxygen stabilizing
effect in the crystalline titanium structure [26]. In solids, the most likely atomic diffusion mechanism is
a vacancy or interstitial mechanism, i.e., the motion of atoms occurs as the consequence of the presence
of imperfections [27]. The interstitial diffusion mechanism is typical for low atomic radius atoms such
as hydrogen, oxygen, carbon, and nitrogen.

The great advantage of the oxide layers produced on titanium and its alloys is their capability of
repassivation, and some released ions depend on regeneration. Hanawa et al. [11], while measuring
repassivation potentials, estimated the recovery rate of the oxide layer in 0.9% physiological saline:
for 316L steel as 35.3 min, for Ti6Al4V as 8.2 min, and Co28Cr6Mo as 12.7 min. The research conducted
by Hanawa et al. [28] showed that in Hanks’ solution, the rate of repassivation was lower than in 0.9%
saline solution.

Metallic elements have a different tendency to release ions, and even trace amounts of elements in
the alloy composition should not be neglected [11]. There are data on the significant contents of some
alloying elements of Ti6Al4V within the tissue around the implanted alloy. So far [29] reports on the
consequences of ion release into the body have focused on the importance of the possible impact of
released ions on biomolecules and the initiation of adverse biological reactions as the titanium ions
could quickly react with water molecules or inorganic anions, easily binding with body fluids.

Osseointegration involves a series of biological events influenced by multiple factors. Among
them, the porous-structured Ti alloys have shown to allow rapid bone ingrowth and improved
osseointegration by increasing the bone-implant interface area [30,31]. Such conditions are achieved for
dental implants by micro-arc oxidation, which brings out the rough surface [19,32-35]. The bioactivitity
is usually increased by anodic oxidation in an electrolyte containing calcium phosphates [36,37],
and wear resistance by incorporation of tough nanoparticles [35].

We have put a hypothesis that the damage of oxide coating can be sometimes or often, the main
cause for the degradation of material and removal of the implant. The purpose of the study was to
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characterize the processes which allow for titanium dissolution from dental implants. To achieve that,
surface examinations of new and applied dental implants were carried out. The dissolution rates
of titanium dioxide (rutile) into two simulating body fluids at different pH values were performed.
The titanium transport through the oxide coating was also calculated.

2. Materials and Methods

2.1. Microstructural Characterization of Surfaces of Implants

The first stage of research was the qualitative analysis of the surface as well as of the cross-sections
for new and used (removed) dental implants. The tests were carried out on groups of samples:

e new dental implants in number of four, made of the Ti6Al4V alloy by four different companies
(called as A, B, C, and D);

e used dental implants in number of fourteen, removed at the Warsaw Medical Academy, from the
patients, no more than half a year after implantation, made of the Ti6Al4V alloy by four different
companies (called as above).

The examinations of the surfaces and cross-sections of new and used dental implants were
carried out at the Gdansk University of Technology using a scanning electron microscope (SEM; JEOL
JSM-7600F, JEOL Ltd., Tokyo, Japan). Before observation the new and used surfaces of dental implants
were cleaned in methanol. The cross-section samples were cut from the implants and were ground
with abrasive papers (No. 2500 as the last, Struers Inc., Cleveland, OH, USA).

To obtain detailed information on the geometry and presence of cracks or delaminations of the
coatings on the dental implants, a computer microtomography (CT) technique was used. The CT
examinations were made with the uCT (General Electric, Lewistown, PA, USA) phoenix v-tome-x s
using an X-ray “direct tube” with a set power of 17 W (70 kV, 100 pA). One thousand radiographs
(2D X-rays) for each tomogram were made with 360° rotation and an exposure time of 333 ms
(for a single radiogram). 3D tomograms were reconstructed from radiographs using the phoenix
datos-x2 reconstruction program and a standard reconstruction algorithm. The reconstructed samples
had a resolution of 2.413 pum/Voxel and were analyzed using the commercial VGStudio Max package.

2.2. Investigation of Dissolution Rate of Oxide Coatings

In the second stage, the tests of the dissolution rate of rutile (titanium oxide) were performed
in two simulated body fluids (SBF). The starting material was the titanium oxide powder (purity of
98.0%-100%) delivered by Acros Organics (Morris Plains, NJ, USA). Cylindrical samples, of dimensions
6 mm X 3 mm (diameter X length), were prepared using the classical powder metallurgy method
without a filler. The material was formed in a single-axis pressing process using a force of 2 kN acting
on the stamp for 60 s at the position shown in Figure 1.

ﬂ pressure on the rammer
rammer

—
mounting plate

matrix

bottom rammer

Figure 1. The cold pressing scheme for manufacturing the titanium dioxide specimens by
powder metallurgy.
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The sintering process was carried out in a chamber oven (Type 22 MRT/1300, Conbest Ltd., Krakéw,
Poland) at 1300 °C for 2 h in an air atmosphere. The samples were heated at a rate 0.5 °C/min up to
100 °C and then at a rate 3 °C/min. Such two-stage heating significantly limited the appearance of
cracks and delaminations were not observed.

Two simulated body fluids were used. Ringer’s solution was prepared based on commercial
tablets (Ringer’s tablet, Merck, Germany) and artificial saliva according to the composition shown in
Table 1. Hydrochloric acid (4M) (HCI) was used to prepare solutions of the appropriate pH values of 3,
5, and 7. The Elmetron CPI-505 pH meter was used to measure the pH values.

Table 1. Chemical composition of the artificial saliva.

Compound Content (g/L)
(NH),CO 0.13
NaCl 0.7
NaHCO; 15
NazHPO, 0.26
K,HPO, 0.2
KSCN 0.33
KcCl 1.2

The samples were cleaned in an ultrasonic washer and immersed in the prepared solutions
for 3 and 12 months. After this time the test solution samples were analyzed for total titanium
content at the Centre of Biological and Chemical Sciences, the University of Warsaw (Warsaw, Poland).
The inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmer, Inc., Waltham, MA, USA)
was carried out by the norm E2371-13 to determine the titanium content in the solutions. The ions
were separated using a special mass analyzer, distributing the ions according to the value of their
mass-to-charge ratio. The ICP-MS was calibrated using an external calibration curve, which was
prepared using 1% nitric acid and a titanium pattern. The quadrupole mass spectrometer, Elan 9000
Perkin Elmer ICP-MS, with conjugated plasma induction excitation was used for the study.

The solutions were mineralized before measurements in a closed microwave system.
Approximately 1 g of the solution and 1 mL of 30% nitric acid were used for mineralization. The samples
were then diluted to 15 mL.

2.3. Calculations of Diffusion of Titanium Ions through Oxide Coatings

The last stage was the calculations of the theoretical diffusion rate of titanium atoms through the
rutile crystalline structure. The calculations were based on Arrhenius and Fick’s laws [38] and the
earlier high-temperature measurements [39,40].

3. Results

3.1. Examinations of Implants

Figure 2 presents the surfaces of different three new implants, produced by two companies,
A and B. The layer discontinuities, material defects appearing in the layer, unevenness, numerous
rolling scratches, and material allowances resulting from the surface treatment processes are visible
before implantation.

The used implants were obtained from surgeons from the Warsaw Medical University.
Only removed implants, among all, which demonstrated clear signs of damage, were selected.
When examinations of the used implants (Figure 3) were made, two areas of surfaces could be
distinguished. The first was the top of the threads, with characteristic flattened, rubbed bumps,
with clearly visible pits on the surface. The second type was the bottom of the threads, in which
there is a detachment of the material of the layer from the ground, and numerous deep cracks
are visible likely arisen as a result of stress concentration, which are potential places of corrosion
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initiation and development of corrosion processes in the environment of body fluids and particularly
aggressive saliva.

w— 100 um

Figure 2. Surfaces of new dental implants: (a) A company; (b) B company; (c) C company; (d) D
company. SEM.
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a)

10 um
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Figure 3. Surfaces of used dental implants: (a) A company; (b) B company; (¢) C company; (d) D
company. SEM.

The surfaces of the used implants were subjected to purification or sterilization processes, thanks
to which we can observe traces of organic residues on the surface—bacteria and tissues. Surprisingly,
the largest clusters of bacterial colonies are located between the tip and the bottom of the thread, on the
lateral surfaces. Perhaps this phenomenon is caused by adverse conditions at the tops and bottoms of
the threads. Pits are visible on the surface of the thread tops, numerous and deep cracks in the thread
cavities, which may indicate a significant impact of the environment and continuous operation of the
implant—the influence of tensile forces and friction forces that affect the implant placed in the bone.
On the implant surfaces, discontinuities of bone formation (Figure 4a,c) and bacterial colony residues
(Figure 4b,d) can be observed, which tightly cover the material.
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Figure 4. Organic remains on the surfaces of used dental implants: (a) A company; (b) B company;
(c) C company; (d) D company. SEM.

The implant cross-sections (Figure 5) illustrate surface unevenness, numerous discontinuities
characterizing the layers produced, material stratification, a significant number of cracks of varying
lengths, and arrangement occurring in the coating. They can be ideal for corrosion progress.

a) b)

s 10 um |

Figure 5. Cross-sections of used dental implants: (a) A company; (b) B company; (c) C company;
(d) D company. SEM.
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Using computed tomography, the layer thickness distribution on dental implants was depicted
(Figure 6). The analysis shows that the thickness of the layers formed on the surface of the implants is
diverse and does not evenly distribute. The surfaces of the vertices and thread cavities are characterized
by a larger thickness of the coating. The images of the layer thickness distributions on the surface of

the dental implants were very similar.
a) b)
c) d)

Figure 6. Images obtained by the computed tomography study of the sections: —longitudinal:
(a) D company; (b) A company; —transverse dental implants: (¢) D company; (d) A company.

3.2. The Dissolution of Rutile

Knowing the characteristics and defects occurring in the layers covering dental implants, in the
second stage of research, the determination of the rate of penetration of titanium ions into the solution
was undertaken. Titanium oxide powder samples were prepared using powder metallurgy processes,
which were immersed in Ringer’s solution and artificial saliva for a period of 3 and 12 months.

The surface of the samples produced, featuring a slight degree of porosity, is shown in Figure 7.
The samples vary in grain size from 1.429 to 8.184 pum.
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Figure 7. SEM microstructures of the sample surface after pressing with a force of 2 kN.

The analyses of the titanium ions carried out three months after their exposure to both SBFs at pH
3,5, and 7 (Table 2), showed negligible solubility of the titanium dioxide, below the 0.080 mg/kg limit

of determination. In solution adjusted to pH 3, titanium dissolution was distinctly higher, but only
after 12 months, 0.093 mg/kg.

Table 2. Titanium content according to ICP-MS analysis at different pH (mg/kg).

Time pH Ringer’s Solution Artificial Saliva
3 <GO* <GO*
3 months 5 <GO* <GO*
7 <GO* <GO*
3 0.093 0.136
12 months 5 <GO* 0.107
7 <GO* 0.107

* GO—Limit of identification of titanium 0.080 mg/kg.
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Slightly different results were achieved for the artificial saliva solution. The contents of titanium
ions for artificial saliva of different pH were higher than those for Ringer’s solution and about
0.107 mg/kg for pH 5 and 7, while for pH 3 the titanium ion level exceeded 0.137 mg/kg.

These experiments show the importance of the pH value of body fluids and the possible dissolution
and penetration of titanium ions into the human body. The increasing dissolutions of ferrous oxides [41]
and copper oxides [42] with decreasing pH, and rutenium-titanium oxide coating at pH 2 [43] are
in accordance with obtained results showing the important effect at the lowest pH value. The more
distinct dissolution of rutile in artificial saliva is likely due to the higher chloride concentration in saliva
than in blood, and the susceptibility of the oxides to the pitting. It is worth noting that the solutions
used only simulated natural human body fluids and did not contain various biological substances
such as enzymes, which can create an even more aggressive environment. The important conclusion,
however, is that a titanium dental implant in the mouth is more susceptible to dissolution than in
other tissues. The drastic lowering of the pH value of the solution accelerates the process of removal
of titanium ions from rutile, always present on the titanium surface. Thus, changes in the pH value,
occurring during some inflammatory reactions in the living organism, may significantly influence the
condition of the oxide layer, and consequently the status of the implant.

In these long-term, expensive tests, we have analyzed the trends: the effect of decreasing pH and
test solution on the dissolution rate. Taking into account the extremely low values of dissolubility,
the precision of the spectrometric measurements, and the use of slightly porous materials, we have
concluded that a significant number of specimens should be applied to obtain the homogenous sample
and low standard deviations. Taking this into account, our purpose has been only to recognize at least
the row of the magnitude of dissolubility and how the pH effects what has been reached. The results
clearly show that the rutile ceramics dissolubility is extremely low and it decreases with decreasing
pH, as it is for metallic substances.

3.3. Diffusion of Titanium Ions in The Oxide Layer

To calculate the distance of the diffusion of titanium ions in rutile lattice, data of two references were
taken into account. In [40], the random tetravalent titanium atoms were assumed to be the predominant
defects evident from self-diffusion. The enthalpy of motion was determined as AH, = 57.03% + 4.9%
kcal/mole. In another report [39], for diffusing the radio-isotope titanium-44 into single crystal rutile at
temperatures in the range of 900 to 1300 °C, the activation energy was found to be 61,400 calories per
mole and the frequency factor was calculated to be 6.4 X 107 m?/s. Assuming the diffusion enthalpy at
59.2 kcal/mol and Dy at the above value, the titanium diffusion coefficient at room temperature (293 K)
was calculated at about 1074 m?/s. That following, the diffusion distance at this temperature in one
year is about 3 X 10734 nm.

4. Discussion

All new implants were made of the Ti6Al4V alloy by casting and milling (likely CNC). As a rule,
such implants are assumed to have a perfect surface, at designed roughness achieved by mechanical
treatment or chemical acidic (SLA implants) or alkaline treatment. Some of the commercial implants
have deposited coatings (Osseotite and Nanotite implants). The detailed surface treatment is
not disclosed. The majority of dental implants are likely subjected to micro-arc oxidation in
phosphate solutions.

So far, the imperfections visible on new implants are attributed to the forces acting during
implantation surgery. For example, the grooves and abraded facets, and loose titanium particles at the
interface were reported for dental implants and attributed to the surgical procedure [44].

It is a damage that certainly locally destroys the titanium coatings. However, our investigations
showed that several implants before any implantation possessed already imperfect surfaces with
such damage forms of the oxide coating as the layer discontinuities (holes/pits), large unevenness,
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and rolling scratches. Such defects may initiate the local degradation of an implant, in particular the
cracking and pitting corrosion.

The examinations of implants used for a relatively short time confirmed the above assumption,
even indirectly. The pits are visible on the tops of the threads, and the detachment of the coating on
the bottoms. The numerous deep cracks are likely arisen as a result of stress concentration, and can
serve as potential places of corrosion initiation and development in the environment of body fluids
and particularly aggressive saliva.

The traces of organic residues on the surface were between the tops and the bottoms of the threads.
Perhaps this phenomenon is caused by adverse conditions at the tops and bottoms of the threads due
to a significant impact of the environment and continuous influence of tensile and friction forces that
affect the implant placed in the bone. The detailed mechanism of this phenomenon cannot, however,
be proposed at the moment.

Three possible mechanisms of the release of titanium ions can be proposed as already shown.
These results demonstrate that the most significant is corrosion initiation and propagation of corrosion
in a presence of local damage of oxide coating and, on the other hand, complex stresses imposed on the
screw implants. However, it is necessary to consider whether two other mechanisms can also operate
and be comparable.

The dissolution of rutile may occur, but at an extremely low rate and only in strongly acidic
environments. Such conditions may occur only in inflammation conditions at which pH may reach
highly acidic values. Even if so, the dissolution rate achieves 0.136 mg/kg in 12 months, such results
means that the oxide coating even 100 um thick (after anodic oxidation) decreases less than 1 nm.
Such a mechanism is then impossible and must be rejected.

The third mechanism, which can be considered, is diffusion of titanium ions through the rutile
lattice. The diffusion of titanium at the temperature of a human body in the rutile crystalline structure
seems unlikely. There is no such data even for high temperatures so that it seems desirable to consider
the titanium diffusion in other structures. The performed calculations showed the titanium diffusion
coefficient as extremely low, even below that for the diffusion of titanium in yttria-stabilized zirconia,
the diffusion coefficient at room temperature is below 10730 m?2/s [45]. It means that the time necessary
to diffuse through a 10 nm thick oxide layer would be as high as 10%®° s.

Summarizing, it can be said that the only origin of the degradation processes resulting in, among
other causes, in a necessity of removal of the dental implant, is the damage of the oxide coating.
Such degradation may be attributed to the forces during implantation surgery, but they are likely
initiated by the cracks, crevices, and discontinuities already appearing at the manufacturing stage.

5. Conclusions

The titanium dissolution occurs only by the corrosion tunnels in the oxide layer. The tunnels may
be formed by cracks or discontinuities. Such potential corrosion initiation and development sites are
already present in new implants and they become operative in applied implants during their use.

The present results demonstrate that among three possible mechanisms such as (i) diffusion of
the liquid environment into the cracks and crevices in oxide coating; (ii) chemical dissolution of the
titanium oxide layer; and (iii) diffusion of titanium atoms through the oxide layer, the two last processes
are very unlikely to cause the damage of dental implants.

The both dissolution of rutile and titanium diffusion through the perfect oxide structure are
negligible at the temperature of the human body. However, when the pH value at the implant surface
and in the environment of saliva falls locally, the oxide layer starts to dissolve, but even at pH = 3,
only a small fraction, 1078 of the rutile oxide, may dissolve during 12 months.
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