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Abstract. Corrosion is one of the main processes that cause problems when using metal
implants in the environment of the human body. Due to its properties, titanium and its alloys are
currently the most widely used biocompatible materials. But the use of implants made of titanium-
based alloys is not always successful. The purpose of our research was to establish the reasons for the
rejection of a Swiss firm’s dental implant made of Grade 5 titanium alloy. Implanted in the patient’s
jawbone, it worked as a support for an artificial tooth. But after 1 year of operation, inflammatory
processes began at the implantation site, which ultimately led to rejection of the implant. To establish
the material science reasons for this, we conducted microstructural studies using an electron
microscope Zeiss EVO 40XVP. The sample was metallograpically prepared by grinding, polishing,
and etching by using Kroll’s Reagent. A statistical image processing program was used to estimate
the quantitative ratio of the phase components of the implant alloy Image J. Elemental analysis and
mapping elements were also performed to know the compositional and distribution of each element
Ti, Al and V by using energy dispersive X-Ray spectroscopy coupled in SEM. The hardness value
was determined using Vickers microhardness tester. The conducted studies established that the
working surface of the implant suffered corrosion damage during operation. The edges of the implant
are uneven with open and closed pitting. In some places, the merging of several pittings is observed,
which leads to the occurrence of ulcerative corrosion. Elemental analysis established the redistribution
of chemical elements in the surface layers as a result of contact with the biological environment of the
human body. Unstable compounds are created on the surface, which dissolves in the human body
during use. As it follows from the conducted studies, the degraded surface of the dental implant needs
additional protection.
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Introduction

Biocompatibility and durability of dental implants is an important problems in modern orthopedic
dentistry. The biological environment of the human body, in which metal implants work, is a very complex
system that somehow affects their degradation [1, 2]. The aggressiveness of this environment depends on a
person's state of health, age, nutrition, the environment in which a person lives, and many other factors.
Therefore, metals that are passive or inert in the air can be subject to various damages in the environment of
the human body. Corrosion is one of the main processes that cause problems when using metal implants in
the environment of the human body [3]. To understand the corrosion of metal implants and its impact on the
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use of medical alloys in the human body, it is necessary to take into account the influence of the environment,
the chemical and biological environment of the body, as well as the impact caused by high cyclic loads
associated with human life [1]. The passivity of metals and alloys of implants is ensured by the formation of
a protective film on their surface, which slows down corrosion processes and restrains the release of
corrosion products. But numerous cellular and biochemical factors at the site of implant placement cause
activation of redox reactions. These reactions affect the formation of the protective passivation film on the
surface of the metal implant and can stimulate corrosion destruction [1].

Problem Statement

Almost all materials from which implants are made are subject to corrosion damage during operation.
Corrosion types characteristic of biocompatible metals and alloys include pitting, galvanic, intergranular
corrosion, corrosion cracking, corrosion fatigue, and fretting corrosion [3]. Such degradation under
physiological conditions can lead to a decrease in the mechanical strength of the implant in bone or other
tissues. During corrosion processes, metal implants emit unwanted metal ions that may not be biologically
compatible. Corrosion products or dissolved metal ions accumulate next to the implant in the tissues of the
human body, which can be accompanied by discomfort and painful sensations. This shortens the life of the
implant and may lead to the need for surgical removal of the implant. It also becomes possible to lose bone
around the implant [4].

Review of Modern Information Sour ces on the Subject of the Paper

Materials for dental implants are selected based on analysis of mechanical and chemical properties, as
well as their biocompatibility [5, 6]. Implant materials should have good corrosion resistance, and
biocompatibility and be free of toxic elements. Since approximately 1981, titanium and its alloys have been
used for the manufacture of dental implants in global dental practice due to their biocompatibility with bone
tissue, corrosion resistance in the environment of the human body, high strength, and low density, and ability
to osseointegration [6, 7].

Technical titanium is available in the industry in four grades (Grade 1-4). Most often, a grade 4
medium with the highest oxygen content of about 0.4 % is used for dental implants (Table 1). Technically
pure titanium has significant corrosion resistance, and biocompatibility, but insufficient mechanical strength.
Therefore, titanium alloys are more widely used, but in terms of biocompatibility, they are somewhat worse
than technically pure titanium [1].

Table 1
Composition (wt %) and mechanical properties of titanium alloys used asimplants|[7, 11]
cpTi Ti-6Al-4V ELI

Alloy Gr;)de 4 Grade 5
Aluminium - 5.5-6.5
Vanadium - 3.5-4.9
Oxygen 0.4 % < 0.13 % max
Iron 0.3% <0.25%
Nitrogen 0.05 % <0,05
Hydrogen 0.15% <0.012
Carbon 0.1% <0,08
Titanium ca99 % Balance
UTS/MPa 550 900
Yield strength/MPa 480 850
Elongation at failure/ % 15 10
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One of the most widely used titanium alloys at present is the Ti-6Al-4V ELI alloy (it is also designated
as Grade 5). Its wide application is due to a good balance between mechanical properties, the ability to
change shape and plastic deformation, the efficiency of heat treatment and welding, as well as
biocompatibility [8, 9]. It contains 6 wt. % aluminum, and 4 wt. % vanadium, like the industrial Ti-6Al-4V
alloy, but a smaller and controlled amount of impurity elements. Aluminum stabilizes and strengthens the a-
phase, increases the temperature of the a+p<p transformation, and reduces the density of the alloy.
Vanadium, as a B-stabilizer, reduces the temperature of the a+pf<—p transformation and facilitates hot
pressure treatment (the volume fraction of the pB-phase increases). Due to the lower level of impurities,
Ti-6Al-4V ELI alloys have higher resistance to salt corrosion, better plasticity, and fracture toughness
compared to commercial Ti-6Al-4V alloys [10].

In case of corrosion damage, Ti-6Al-4V ELI alloy can release aluminum and vanadium ions.
Aluminum interferes with bone mineralization, which leads to structural deficits [12], and vanadium exhibits
high cytotoxicity and can cause allergic reactions [13]. Such side effects occur if each of these elements is
present in tissues in sufficient concentrations. However, the levels of their release from the alloy in the human
body are too small to cause a toxic effect [6, 14].

The surfaces of both commercially pure titanium cpTi and the Ti-6Al-4V alloy are oxidized during
operation, a 4-6 nm thick TiO2 oxide layer is formed on the surface, which also contains hydroxyl groups
[15]. The oxide layer, as a rule, has favorable biological properties. However, the body still recognizes it as
a foreign body, so in some circumstances, it can cause fibrosis around the implant [16].

Studies have confirmed that Ti-6Al-4V alloy provides satisfactory osseointegration [17]. The long-
term integrity of titanium implants and their ability to osseointegration is also preserved, especially after
surface treatment (Table 2) [7]. Statistical analysis performed on several hundreds of surface-treated
implants proved a high level of their durability. The number of implants suitable after 10 years of use was
at least 89 %.

Table 2
Results of clinical studiesof surfacetreated titanium-based dental implants[7]
Time of observation, years Preliminary surface treatment Durability coefficient, %
10 Sandblasting and acid etching 98.8-99.7
20 Plasma sputtering of Ti 89.5
10 Anodizing 96.5
9-12 Oxidation 97.1

However, the use of titanium-based alloy implants is not always successful. There are rare cases of
rejection of dental implants. Therefore, the goal of our research was to establish the material science reasons
for such rejection, in particular, due to structural changes in the surface layer of degraded implants.

Objectives and Problems of Resear ch

The object of the study was a dental implant of a Swiss company, manufactured by mechanical
processing from a Ti-6Al-4V ELI (Grade 5) titanium alloy rod (Fig. 1, a). Implanted in the patient's jawbone,
it worked as a support for an artificial tooth. But after 1 year of operation, inflammatory processes began at
the implantation site, which ultimately led to a rejection of the implant.

Microstructural studies of the implant were performed on a Zeiss EVO 40XVP electron microscope.
The sample was prepared by grinding, polishing, and etching using Kroll's Reagent (distilled water — 92 ml,
nitric acid — 6 ml, hydrofluoric acid — 2 ml) (Fig. 1, b). The Image J statistical image processing program
was used to estimate the quantitative ratio of the phase components of the implant alloy.

Elemental analysis and mapping element were also performed to know compositional and distribution
of each element Ti, Al and V by using energy dispersive X-Ray spectroscopy (EDS) coupled in SEM. The
hardness value was determined using Vickers microhardness tester.
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Fig. 1. Investigated dental implant: a — outward appearance; b — cross-section

Main Material Presentation

Ti-6Al-4V alloys belong to the group of two-phase a + [ titanium alloys of the martensitic class. Their
properties are determined by microstructural parameters, such as morphology, size, location, and volume
fraction of the two phases a.and . These parameters can be controlled by changing the technological modes
of manufacturing implants. Depending on the conditions of heat treatment, it is possible to obtain an
equiaxed, globular, or lamellar structure [18].

Metallographic studies established that the microstructure of the Ti-6Al-4V ELI implant alloy consists of
globular grains of the a-phase (light), located mainly on the boundaries of the grains of the B-phase (Fig. 2, a).
Such a structure was formed as a result of incomplete annealing of cold-deformed bars from a temperature slightly
lower than the temperature of the (a+f) — B transition. During annealing, the primary a-plates were incompletely
globalized into individual particles, the shape of which from acute to spherical depends on the completeness of
their spheroidization. The structure of the investigated implant is dominated by quadrilateral and triangular
particles, the size of which is from tenths of a micrometer to several micrometers (Fig. 2, b).
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Fig. 2. SEM micrographs showing the microstructure of the investigated Ti-6Al-4V ELI alloy dental implant
at different magnification: a — x600; b — x 3000

The volume fraction of the a-phase, established based on statistical processing of images of the
microstructure of the alloy using Image J software, is about 15 %.

Elemental analysis using EDS showed that the a-phase is depleted in titanium and aluminum relative
to the average content in the alloy, but enriched in vanadium (~ 13 % at., which significantly exceeds the
average content in the alloy of 3 % at.) and iron (Table 3).

34



Causes of Degradation of Titanium Dental

It should be noted that hardness is one of the important properties of implant material, which
determines its suitability for biomedical applications. When using dental implants, it is desirable that the
hardness of the material, in this case, Ti-6Al-4V ELI, is close to the hardness of bone (~430 HV).
Microhardness measurements revealed no difference in the microhardness of the surface and cross-section
of the implant. The average value of microhardness of the implant at 374 +5 HV corresponds to its heat
treatment and microstructure.

The working surface of the dental implant was damaged during operation (Fig. 3). The edges of the
implant are uneven with open and closed pitting. In some places, the merging of several pittings is observed,
which leads to the occurrence of ulcerative corrosion. For dental implants, this type of corrosive damage is
particularly dangerous, as it disrupts the contact of the implant with the bone and can initiate the initiation
of microcracks and the destruction of the implant under the influence of mechanical loads. Usually, as in this
case, in implants, pitting corrosion occurs on the underside of the screw heads.

Table 3
Elemental composition of the studied implant alloy
Plots of spectra %T;t. %Vét. W?;’t. Wfit.
The external surface 1 84.48 2.9 10.79 0.18
2 83.73 3.15 10.93 0.22
3 85.27 2.8 10.83 0.20
Average value 84.50 2.95 10.85 0.20
Cross section 1 86.97 2.44 9.95 0.18
2 85.70 3.14 11.16 0.18
3 86.46 3.37 10.17 0.20
4 87.22 3.18 9.60 0.22
Average value 86.59 3.03 10.22 0.19
Particles 1 78.58 11.64 7.97 181
of the a-phase 2 77.94 14.39 6.8 2.19

For a more detailed analysis of the causes of corrosive damage to the surface of the implant, an
elemental EDS analysis was carried out in order to identify a possible redistribution of chemical elements in
the surface layers due to contact with the biological environment of the human body (Table 3).
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Fig. 3. Cros-section SEM micrographs of the investigated dental implant surface layer: a — x600, b — x600
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It was established that the content of titanium and vanadium decreases on the surface of the implant,
while the content of aluminum slightly increases (Fig. 4, a, b; spectrum 1) relative to the core (Fig. 4, ¢, d;
spectrum 5). This confirms the redistribution of elements in the surface layers when the implant is in contact
with the human body.

C d
Fig. 4. SEM micrographs of the microstructure dental implant with zones 1(a),
2 (c) and corresponding EDS elemental analysis spectrums 1 (b), 2 (d)

The map of the distribution of elements confirms that there is an uneven distribution of titanium and
vanadium in the surface layers of the implant (Fig. 5).
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Fig. 5. Mapping images of distribution Ti (a), Al (b), V (c) in the microstructure dental implant
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At the base of the implant, the distribution of titanium and aluminum is uniform, instead, vanadium is
unevenly distributed, areas enriched and depleted of this element are observed (Fig. 5, ¢). Most likely, the
enriched areas correspond to a-phase particles.

The energy dispersive spectral profiles by depth from the surface of the studied sample confirm these
conclusions (Fig. 6).
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Fig. 6. SEM micrograph with EDS line distribution Ti, Al, V (a) and profiles Ti (b), Al (c),
V (d) along depth from the implant surface

According to the results of the research, it can be stated that the main reason for the rejection of
the dental implant was the degradation of its surface due to the formation of pitting corrosion. The
probable cause of this was the redistribution of alloying elements in the surface layer of the alloy under
the influence of reactions with elements of the biological environment of the human body. Unstable
compounds are created on the surface, which dissolves in the human body during use. As a result, the
surface of the implant is depleted of titanium and vanadium, which leads to the formation of pitting.
And although titanium alloy has good corrosion resistance, contact with an environment in which
proteins such as albumin are present (the presence of proteins such as albumin) can increase the amount
of titanium that is released into body tissues [19].

An important influence on the durability of dental implants is the oxide layer, which, in addition to
the effect of passivating the metal, inhibiting corrosion, and minimizing the release of titanium ions, ensures
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the development of osseointegration between the surface of the implant and living bone [20]. Coarse oxide
coatings contribute to reliable and fast osseointegration.

As it follows from the conducted research, the degraded surface of the dental implant needs additional
protection. An effective way to increase durability, and corrosion resistance, improve biocompatibility, and
promote osseointegration of implants is a preliminary modification of their surface [9]. Modification by
changing the surface topography, surface energy, and improving wettability can be a key factor for successful
osseointegration, i.e., direct fixation of the implant by the growth of bone cells without the growth of fibrous
tissues at the bone/implant interface [18].

Today, there are many methods of surface treatment of implants, which allow to increase the service
life of implants and prevent the development of early and distant postoperative complications, to avoid
repeated surgical interventions due to instability of the implant [20-36].

The most studied methods of implant surface modification are acid etching and sandblasting [22],
plasma spraying (PS) [26-29], pulsed laser vapor deposition (PLD) [30, 31], femtosecond laser treatment
[33, 34], ion beam technologies [32], atomic layer deposition (ALD) technology [21]. Each of these methods
has its advantages and disadvantages. Therefore, for each specific biomedical application, it is necessary to
select the optimal types of technologies and modes of implant surface modification.

Conclusions

Premature rejection of the studied dental implant occurred as a result of pitting corrosion of the
surface under the influence of the biological environment. In our opinion, this is due to the
redistribution of titanium and vanadium in the surface layer of the implant during contact with the
human body. Corrosive damage caused a weakening of the mechanical fixation of the implant in the
bone tissue and its degradation.

It should be assumed that if the surface modification of this implant was performed, it was ineffective
and did not provide reliable protection against the negative effects of the biological environment. That is
why it is so important to ensure the optimal choice of technology and mode of surface modification in the
manufacture of dental implants, taking into account the conditions of use.
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