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Abstract

Corrosion is of great concern particularly when a metallic implant is placed in the
hostile electrolytic environment of the human body. The implants face severe corrosion
environment which includes blood and other constituents of the body fluids. The aqueous
medium in the human body consists of various anions such as chloride, and dissolved
oxygen. Changes in the pH values also influence corrosion. Though, the pH value of the
human body is normally maintained at 7, this value changes from 3 to 9 due to several
causes such as accidents, diseases, infections, and other factors. Oral implants, screws
and nuts are either different grades of stainless steels alloys, either stainless steel and
titanium alloys, or stainless steel and cobalt—chromium—-molybdenum alloys galvanic
couples. The boundary element method (BEM) is ideal for solving galvanic corrosion
problems. In the present work the effect of pH, temperature, and electrical conductivity

on the galvanic corrosion of oral implants screws and nuts is studied, using BEM.

1. Introduction

Metallic implants corrode when are placed in the human body, due to the presence
of blood and other constituents of the body fluids like water, sodium, chlorine, proteins,
plasma, amino acids along with mucin in the case of saliva (Kubie& Shults, 1925). The
aqueous medium in the human body consists of various anions such as chloride,
phosphate, and bicarbonate ions, cations, organic substances of low-molecular-weight
species as well as relatively high molecular-weight polymeric components, and dissolved
oxygen (Scales et. al., 1959; Williams, 1978). Changes in the pH values also influence
corrosion. Though, the pH value of the human body is normally maintained at 7, this value
changes from 3 to 9 due to several causes such as accidents, imbalance in the biological
system due to diseases, infections, and other factors. After surgery the pH value near the
implant varies typically from 5.3 to 5.6 (Manivasagam et. al., 2010).
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Dental implant fixtures have become an integral part of treatment for partially or
fully edentulous patients since Branemark introduced the two-stage treatment protocol
(Branemark et. al., 1969). Commercially pure titanium and its alloys have been widely
used for dental implants due to their mechanical properties, good corrosion resistance in
biological fluids and biocompatibility (Balkin, 1988). Although is widely accepted that
titanium alloys are good materials for endoosseous implantation, the choice of a suitable
alloy for the suprastructure still remains an open question (Al-Mayouf et. al.,2004). Oral
implants corrode due their contact with saliva that disrupts the passive film, creating
galvanic cells (Mellado-Valero et.al., 2018). Dental implants, screws and nuts are either
different grade of stainless steel, titanium, cobalt-chromium, and cobalt—chromium-—
molybdenum alloys (Manivasagam et. al., 2010). Those alloys form galvanic couples.

Galvanic corrosion is caused due to the potential difference established when two
metals (alloys) are electrically connected in a conducting medium, and produces electron
flow causing the metal (alloy) with more negative potential to preferentially corrode
(anode) and the more positive metal (alloy) to become a cathode and to be protected by
the negative metal (alloy). Galvanic corrosion also occurs when the same metal is in
contact with an electrolyte at two different concentrations or with different aeration levels
(differential aeration cell). For example, electrolyte with varying pH, temperature etc. in
contact with a structure, creates galvanic cells (Popov, 2015).

Complicated electrochemical processes related to implant and suprastructure are
linked to galvanic corrosion (Venugopalan & Lucas, 2018; Geis-Gerstorfer et.al., 1989)
which leads to clinically relevant situations, due to the biological effects, that may result
from the dissolution of alloy components, or caused by the current flow from galvanic
coupling, resulting in bone destruction. For example, galvanic coupling could result in an
electropositive local environment along the implant interface, which could directly
influence bone resorption (Lucas & Lemons, 1992). Furthermore, the ionic release
induced by corrosion could be responsible for peri-implantitis and treatment failure
(Olmedo et. al., 2003). In addition, the corrosion products can be distributed throughout
the entire body and cause allergic reactions or a hypersensitivity reaction (Geis-Gerstorfer
et.al.,, 1989). Also, the corrosion process may limit the metals resistance to fatigue

resulting in the fracture of the implant (Guglielmotti & Cabrini, 1997).



The boundary element method (BEM) has been used extensively in galvanic
corrosion problems (Danson & Warne, 1983; Deconinck et. al. 1985; Aoki & Kishimoto,
1990; Gulikers & Raupach, 2006; Warkus & Raupach 2006,2010). BEM is ideal for solving
galvanic corrosion problems, since it offers the advantages of dimensionality reduction of
the problem by one, and the high accuracy of the solution of the electric potential
gradients. In the last decades, the BEM has become much more attractive to use by
overcoming the disadvantages of time-consuming computations and the high demand for
computer memory, utilizing acceleration techniques such as fast multipole (Keddie et.al.,
2007; Liu, 2009) and adaptive cross approximation (Rodopoulos et. al., 2019; Gortsas et.
al., 2021; Kalovelonis et. al.,2020, 2022, 2023). With these techniques, it is possible to
efficiently solve large-scale CP engineering problems with million degrees of freedom in
a standard workstation (Rodopoulos et. al., 2019; Gortsas et. al., 2021; Kalovelonis et.
al.,2020, 2022, 2023).

In the present work the application of BEM to galvanic corrosion problems of dental
implants screws and nuts is presented. The present work is organized as follows. Section
2 briefly describes the galvanic corrosion of dental implants screws and nuts. Section 3
describes the mathematical modelling of corrosion problems. Section 4 concerns the
modeling of the boundary conditions. Section 5 presents BEM formulations. Finally, the

main conclusions are provided in Section 6.

2. Galvanic corrosion of dental implants screws and nuts

Dental implant screws and nuts consist of the dental implant body, i.e., the screw, the
dental implant suprastructure or abutment, and the crown or artificial tooth (Kandavalli et.
al., 2021) as depicted in fig. (1).
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Figure 1. Description of dental implants



It is widely accepted that titanium alloys, such as Ti6Al4V, are good materials for
endoosseous implantation, due to their mechanical properties, good corrosion resistance
in biological fluids and biocompatibility (Balkin, 1988), although the choice of a suitable
alloy for the suprastructure still remains an open question (Al-Mayouf et. al.,2004). Typical
materials used for the suprastructure amongs others are CoCr, CoCrMo, SS304 and
SS316 (Manivasagam et. al., 2010). Implants corrode due their contact with saliva that

disrupts the passive film (Nagay et. al., 2022), as shown in fig. (2), creating galvanic cells.
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Figure 2. Corrosion of dental implants

Galvanic corrosion occurs due to the potential difference established when two metals
(alloys) are electrically connected in a conducting medium, producing electron flow and
causes the metal (alloy) with more negative potential to preferentially corrode (anode),
and the more positive metal (alloy) to become a cathode and to be protected by the
negative metal (alloy). Galvanic corrosion also occurs when the same metal is in contact
with an electrolyte at two different concentrations or with different aeration levels
(differential aeration cell). For example, electrolyte with varying pH, in contact with a
structure, creates galvanic cells. In figs (3a) and (3b) a schematic description of the

galvanic corrosion principles is shown.
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Figure 3. Galvanic corrosion due to a) potential difference and b) difference in oxygen concentration



3. Mathematical modeling of corrosion problems
In dilute solutions, the transport of species, is due to migration (fig. (4a)),
diffusion (fig. (4b)), and fluid flow, and governed by the Nernst-Planck (N-P) equations
(Newman & Thomas-Alyea, 2004):

%+V.vq =zFV-(ucVe)+V-(DVc )+ A (1a)

J=F> zN, (1b)
N, =-D,\Vc, -z, FucVe

where ci is the concentration of i®" species, v is the electrolyte velocity., zi is the
number of electrons taking part in an electrochemical reaction, ui is the mobility, ¢ is
the electric potential, Diis the diffusivity, Ai the production term, J is the current density
vector and N is the flux vector.
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Figure 4. transport of species in dilute electrolyte due to a) migration and b) diffusion

Furthermore, the electric potential is governed by the electrostatic equation:

Vz(pz—éFZZiCi 2)

where F is the Faraday constant.

Due to the migration, diffusion and electrolyte flow, it is formed an interphase,
called the electric double layer (EDL), where chemical reactions such as metal
dissolution and oxygen reduction occur (Bockris et.al., 2000). The EDL structure of a

metal in water is depicted in figs.(5a) and (5b). The metallic surface has a current q
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and is occupied by unsolvated negative ions and water molecules. In the inner
Helmholtz plane (IHP) a net current qi exists and is occupied by solvated positive
ions. The outer Helmholtz plane (OHP) and the diffuse layer are occupied by negative
ions and water molecules. In comparison with the OHP the diffuse layer is a dilute

solution with net current g2 (Bockris et.al., 2000; Newman & Thomas-Alyea, 2004).
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Figure 5. The EDL structure (a) of metal in water, and (b) its description

In the region between the metallic surface and the OHP the movement of
species is due to forces from ion-ion interaction (Bockris et.al., 2000), and the N-P
equations does not hold. Molecular dynamics simulations are applied in the above-
described region (Bockris et.al., 2000). Moving away from the EDL, a region called
the diffusion layer exists, where it has zero net current (Bockris et.al., 2000).
Electrolytes with zero net current are called electroneutral and the electroneutrality

condition holds:

Z z,¢, =0 3



In the case of electrically balanced reactions, the sum of the production rates

becomes zero, i.e.:

2.zA=0 ()

Multiplying Eq (1a) with Fzi and taking the sum of Eq. (1a) for all species, the following

equation is derived:
%(FZzicij:—V(FZziNij+ FY zA (5)

Combining egs. (3)-(5), the charge conservation equation is produced:
V-J=0 (6)

Eq. (6) states that in electroneutral solutions charge conservation holds. Typically,

the concentration variation in a solution is as depicted in figure (6).
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Figure 6. Typical concentration distribution

Moving away from the diffusion layer, the bulk of the solution exists (Newman
& Thomas-Alyea, 2004), where the electrolyte is neutral, and concentration of the

species is uniform. From eq. (6) the following equation can be derived:
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If the electrical conductivity o is constant, then eq. (7) is reduced to the Laplace
equation:

Vip=0 (7)

Consider an electrolyte, where two metals exist, one that plays the role of the
anode with surface Sa (green line), and another that plays the role of the cathode with
surface Sc (red line), the electrolyte can be enclosed either by physical or fictitious

boundaries with surface Sp (black line) as depicted in fig. (7).
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Figure 7. Description of a corrosion problem

In the anodic and cathodic boundaries, non-linear expressions between the normal
current density on the surface and the concentration and potential values on the
surface, called polarization curves are applied. On the physical or fictitious
boundaries, for the N-P equations insultation boundary conditions, Newmann or
Dirichlet conditions are applied for each species concentration field. The above-
described boundary conditions for the N-P equations are summarized as follows
(Newman & Thomas-Alyea, 2004):

—Fz,D,n- Ve (X) - FZZEUka(X)n Vo(x) = fi (6 (X),0(x)) , Xe§; (8)
—~Fz,D,n-Vc, (X) - F?z2u.c, (X)n-Vo(x) = g, (c, (X),o(X)) , Xe S, (9)



¢ (X)=c ,xeS, (10)

n-ve (x)=p, , XeS, (11
c (x,t)=c(t),xeS, (12)
n-ve, (x,t)=p, () , XxeS, (13)

One or some of egs. (10) — (12) could be applied on the physical or fictitious
boundaries, on several subsets of those boundaries, regarding to each specific
problem. For the Laplace equation the following boundary conditions can be applied
(Rodopoulos et. al., 2019; Gortsas et. al., 2021; Kalovelonis et. al.,2020, 2022, 2023):

—on-Vo(x)=h (o(x)) , xeS, (14)
—on-Vo(x) =t (p(x) , xS, (15)
n-Vo(x)=0, xe§, (16)

4. Polarization curves

The corrosion rate of metallic and alloys oral implants in an electrolyte, in the
human body is influenced by various parameters. Amongst other these are the
temperature, pH, oxygen and chlorides concentration of the solution, the presence of
fluorides and microorganisms, the dental plaque, mechanical stresses, the alloy
composition etc (Nagay et. al., 2022). To model efficiently corrosion models, the
above-described parameters should be incorporated into the boundary conditions. For
the N-P equations the boundary condition on the metallic surface, for each species, is
equal to the rate of the partial reaction that the species participate. For the Laplace
and Poisson equations the boundary condition on the metallic surface is the sum of
the anodic and cathodic partial reactions rates that occur in the electrode surface, i.e.,
the polarization curve. A typical polarization curve is depicted in fig. (8).



Figure 8. Typical polarization curve

In general metals and alloys immersed in an electrolyte exhibit active-passive
behavior (Popov, 2015). Their polarization is divided in four regions, the transpassive,
passive, transition and active regions. A typical active-passive anodic partial reaction

curve is depicted in fig. (9).
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Figure 9. Typical active-passive anodic partial reaction curve
In the transpassive region, for potentials larger than the transpassivation or pitting
potential Ev pitting corrosion occurs. The anodic partial reaction rate is given by the

following expression (Flitt & Schweinsberg, 2005):
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where Em is the maximum potential found and by is the transpassive region slope.
The transpassivation potential is the potential which pitting corrosion starts to occur
and is affected by the chloride and hydroxyls concentration on the alloy surface
(Macdonald et. al., 2021):

E, =a-blog(c, /c,, ) (18)

where a and b are constants, i.e., the transpassivation potential decreases with the
increase of chloride content, in the metallic surface. In the passive region, the passive
film on the surface of the alloy, is sustained, and the metal does not corrode. The
passive region ranges for potential between the passivation potential Ep and the
transpassivation potential Ewx. The passivation potential is influenced by the
composition of the metal, temperature and pH of the solution on the surface of the
alloy. The passive current density increases with the increase of temperature, pH and
chlorides on the surface of the alloy, and is given by the following expression
(Macdonald et. al., 2020):

1 1

i(p)=i (T, pH,[CI"]) =4, i,(298.15,13.5,0) e(?MJ g (PH-135) gaslCl'] (19)

where aj are constants, and T is the temperature. The transition region is an unstable
region, and eventually steel will become either active or passive. In the transition
region, Hines (Hines, 1983) assumed that two rates exist, one where metal dissolution
occurs, and another where film deposits. The transition region is defined within the
potential limits of the Flade potential Epp, which is the upper limit of the activity region,

and the passivation potential Ep. The corrosion rate then is:

b up (9) = Sl oy (9,€) + (1= )i, () (20)

Where S is the metal fraction that steel dissolution occurs. Initially Hines (Hines, 1983)
proposed two expressions for the metal fraction, later Flitt and Schweinsberg (Flitt &
Schweinsberg, 2005) proposed a more accurate one:

11



~A(Eqage—Ep ) (21)
S=2—
1+e_A(Eflade_Ep)

The values of the parameters p and A are given in the literature (Flitt & Schweinsberg,
2005). For the stainless-steel alloys, the Flade potential is a function of pH and

chromium concentration (Revie & Uhlig, 2008):

E tase = Efage ([Cr]) —0.059 pH (22)

The dependency of chromium composition can be found in the literature (Frank, 1949;
King & Uhlig, 1959; Rocha & Lennartz, 1955). The increase of chromium content
causes a decrease on the Flade potential of stainless steel. In the activity region,

active dissolution of steel occurs with rate (Popov, 2015):

@‘Eeq‘Fe

br, (23)

iFe,act ((0) = il(zee

Where bre is the iron dissolution Tafel slope, EeqFe is the iron equilibrium potential,
and i°e is the iron dissolution exchange current density. Iron equilibrium potential

variation with pH can be found using iron’s Pourbaix diagram (Pourbaix, 1974).

RT -
Epre = 0441 o log ( Fe ) (24)

eq,Fe

Where F is the Faraday constant. The rate of the cathodic partial reaction is given by
the Eq (25) activation and concentration polarization (Popov, 2015)::

9=Eq 0,

) b,
i€

io ‘ﬂ_Eeq‘Oz (25)
1+[_ < ]e b,

IIim,O2

Io, (@) =

Where boz is the oxygen reduction Tafel slope, Eeqo02 is the oxygen equilibrium
potential, i°02 is the oxygen reduction exchange current density, and iimoz is the
oxygen limiting current density, which corresponds to the complete oxygen depletion

in the solution layer adjacent to the metallic surface. Various models for the limiting

12



current density calculation can be found in the literature, such as Peers (Peers ,1956),
Leveque (Newman & Thomas-Alyea, 2004) and Nakayama (Nakayama et.al., 2017)
amongst others. The equilibrium potential of oxygen reduction is a function of pH and

temperature (Popov, 2015):
RT
Eeq,O2 = EO,O2 (T) + E(]A'_ pH) (26)

The Tafel slope is calculated as follows (Popov, 2015):

RT
b= ——
' azF (27)
where aiis the is the fraction of the total free energy that decreases the energy barrier
for the partial reaction. The exchange current density is given by the following

expression (Popov, 2015)::

Eeq,l ’EDJ

i = FAK,CPe ° (28)

Where ko is standard reaction rate constants, Eo is the standard electromotive force,
c? is the bulk concentration, and A is the electrode surface. Finally, the pH can be
calculated by Egs. (29) or (30) (Popov, 2015):

pH =—Iog([H*]) (29)

pH = pK,, +log([OH ) (30)

Where pKw is the autoionization process rate constant. The influence of chloride
content, chromium concentration and pH in anodic and cathodic partial reaction rates
is depicted in Figs. 10(a) and 10(b).
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Figure 10. Effect of a) chloride content and chromium concentration and b) pH on partial anodic and

cathodic reactions rates

The influence of the Tafel slope, equilibrium potential, exchange current density and
limiting current density, on the reaction rates is depicted in figs. (11(a)) and (11(b)).
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Figure 11. Effect of a) limiting current density and b) Tafel slope, equilibrium potential and exchange
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5. BEM for corrosion problems

In this section an accelerated BEM formulation for the Laplace and Poisson equations,

and a Local Domain BEM (LD-BEM) formulation for the N-P equations are presented.
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5.1 Accelerated BEM for the Laplace and Poisson equations

Consider an electrolyte, where two metals exist, one that plays the role of the
anode with surface Sa (red line), and another that plays the role of the cathode with
surface Sc (green line), the electrolyte can be enclosed either by physical or fictitious
boundaries with surface Sy (black line) as depicted in fig. (7). The integral form of
Eq. (7) reads (Telles et.al., 1984):

a(x)gp(x)+_|.6HG(x,y)(p(y)dSy :J'G(x,y)angp(y)dsy (31)
where S=S,US, US, , a(x) is a coefficient that depends on the local smoothness of
the surface, x and y are points that lie on the surface S, G(x,y) is the full space

fundamental solution of the Laplace equation, and 9,G(x,y) is its normal derivative

given in three dimensions by the following expressions (Telles et.al., 1984):

1

G(xy)=——

¥)= 2

0,G(x,y)=- L ~r-f (32)
47r|r|

r=y-x

The boundaries S are discretized into quadrilateral or/and triangular surface elements.

In each element, the fields ¢(x) and 0,¢(x) are assumed to be constant. Then, the

boundary integral equation (31), written for the collocation point located at the center
of the element i, obtains the following discrete form:

1 ) E E
E(ﬂl +ZHie§0e :ZGieqe (33)
e=1 e=1

where E denote the total number of elements, the symbol g indicates potential flux (

q=0,¢), while the integrals H and G have the form:

=II5nG X y §1’§2)> J° d§2 (34)
Gie:j‘Jl-G X' Y 681'52 dgz (35)
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where J¢ stands for the Jacobian matrix of the transformation from the global

Cartesian to the local coordinate system. The integrals of Egs. (34) and (35) are

evaluated numerically via highly accurate, direct integration techniques illustrated in

(Polyzos et. al.,, 1998). Boundary conditions (14) and (15) (polarization curves)

correlate the potential with the current density in a non-linear way. For the solution of

the system of algebraic equations (33), an iterative Newton-Raphson procedure is
applied. According to the Newton-Raphson scheme, Eq. (14) becomes:

1 1 of (gok’l (X))

a k —_ = f k-1 -\ NT)

O e
9" ()= () +Ag" (x) (37)

where the index k represents the Newton-Raphson iteration step. Similar equations

Ap*(x) (36)

are obtained for the polarization curve of Eq. (15). Rearranging Eq. (33) with the aid
of Egs. (36) — (37), the linear boundary condition of Egs. (16) the following linear
algebraic system of equations, is produced, for each iteration k:

(A {x*}={B""} (38)

Finally, the linear algebraic system of Eq. (38) is solved, for each iteration k, by means
of the iterative GMRES solver with a chosen accuracy Ecmrs. The iterative solution is
accelerated by a hierarchical LU preconditioner with a chosen accuracy &L
(Rodopoulos et.al., 2019; Gortsas et.al., 2021)

Using the above-described BEM formulation, the galvanic corrosion problem of fig.

(7) is solved, with anode and cathode length 0.5 and 1 respectively (1.5 total length),
using as boundary conditions the polarization curves shown in fig. (12).
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Figure 12. Polarization curves of the above-described galvanic corrosion problem

In figs. (13(a)) and (13(b)) the potential and current density distributions are depicted.

In the cathodic surface a potential drop is observed, while a potential increase from

the equilibrium state, at the anodic surface is observed. Furthermore, as expected the

current density values in the cathodic surface are negative (cathodic), while at the

anodic surface are positive (anodic).
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Figure 13. a) Potential and b) current density distribution at the anodic and cathodic surfaces
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5.2 LD-BEM for the N-P equations

Recently Gortsas et. al. proposed the local domain boundary element method (LD-
BEM), for fisher diffusion(Gortsas et. al., 2022) and convection-diffusion problems with
constant velocity (Gortsas & Tsinopoulos, 2022), which exhibits computational
complexity of the same order with the finite element method. LD-BEM has the
advantages of high accuracy of the solution of the concentration gradients and the
efficient treatment of the non-linear boundary conditions. In electroneutral electrolytes
the N-P equations, can be written as convection-diffusion equations, since eq. (1a)

can be written:

% +V- Ve, +(=Fzu,V ) - Ve, — (Fzu,V?p)c, - D Ve, + A =0 (39)

Assuming first order reaction rates, and due to electroneutrality then:

% +Vv,-Vc,—DV?c, —ke, =0 (40)

with V, =V +V_, where ve is defined as follows:
V,=—-FzuVe (41)

In the absence of fluid flow or in the present of a uniform velocity field, in order the
convection-diffusion LD-BEM formulation of Gortsas & Tsinopoulos (Gortsas &
Tsinopoulos, 2022). to be valid for corrosion problems, the potential gradient values
should also be constant. To examine the potential gradient field behavior in galvanic
corrosion problems, the potential gradient values are calculated for the galvanic
corrosion problem of the previous section, using the following expression (Wrobel,
2002):

Vo= V,.G(xy)o.0(y)dS, (42

VXQ(x,y)go(y)dSy +

J-SauSCqu S, US, US,
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where

V.G(X.Yy)=

Cxy) pE

VXQ(X,y)z 3 ﬁ—B(ﬁ:)r (43)
4z|r] Ir|

r=y-x

The potential gradient distribution of the above-described problem is shown in figs.

(15(a)), (15(b)) and (15(c)).
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Figure 15. a) Potential gradient distribution a) in x direction, b) in z direction, ¢) magnitude.

From figs. 15 one can observe that the potential gradient is constant away from the
metallic surfaces and varies close to the metallic surfaces. Thus, the integral equation

of eq. (40) according to LD-BEM becomes:

c()c,(9) + [ P(x,y)e,(y)dl = L@(x.y)nVcl(y)dr—% Rl -Vq(y)dﬂ—é [o(xy)e(y.t)de (44)

19



with

O(x,y)=G(x,y)e * =—K,(sr)e >
G(xy) "2 s .
P — 1 __K . L
(xy) on e ;; 1(sr)(r ny)e
2 2 (45)
v. ) +(v
s:Jl+(‘) (v.)
D, 4D,
V, =V, +Av,
r=y-x

where K1 and Ko are the modified Bessel functions of the second kind of first and zero
order respectively.

The derivation of LD-BEM formulations for eq. (44), focusing on the numerical
computation of the first volume integral of the right-hand side of the equation is

currently one of the research interests of the author of the present work.

6. Conclusions

Dental implants corrode due their contact with saliva that disrupts the passive film,
creating galvanic cells. The pairing of dissimilar materials for the dental implant body
and suprastucture results in galvanic couples. Galvanic corrosion has adverse
biological effects, including amongst others, bone destruction caused by the current
flow that results from galvanic coupling, and allergic reactions or hypersensitivity
reaction due the products of the alloy components dissolution, which can be
distributed throughout the entire body. The boundary element method is ideal for
solving galvanic corrosion problems due to the advantages of dimensionality reduction
of the problem by one, and the high accuracy of the solution of the electric potential
and concentration gradients. To solve efficiently, galvanic corrosion problems, the
factors that influence the corrosion rate should be incorporated in the robin boundary
conditions, since they are the most important parameter of the problem.
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