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Processes of mechanical destruction of implants, dental prosthetics elements, and orthodontic apparatus considerably limit their
operating lifetime and the comfort of patients. Processes of destruction of kinematic joint elements caused by fretting and fretting
corrosion processes are an important problem, albeit one that is not yet fully understood. This paper presents the results of fret-

ting and fretting corrosion studies conducted on 316L implantation steel, which is used in dentistry, particularly in prosthetic and
orthodontic applications. Tests were performed by means of an original device of the authors' own design, with the application of
methodology developed by the authors. Fretting and corrosion tests were carried out in phosphate buffered saline (PBS) as well
as in the presence of natural saliva and its substitutes. Own compositions of artificial saliva were developed for the purposes of
studies. Observations of sample surfaces were performed using a scanning electron microscope (SEM) and a confocal microscope.

Test results indicate a significant influence of fretting on the corrosion of 316L steel (fretting corrosion) as well as the important
role of the studied fluids (saliva and its studies) in these processes. It was stated that the saliva substitute containing mucin Il was

characterized by the most favorable tribological characteristics. During fretting tests, intensive phenomena of materials convey-

ance into the friction contact area were observed.
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Procesy destrukcji metalicznych implantow, elementow protetyki stomatologicznej i aparatow ortodontycznych znacznie ograni-
czajq ich trwalosé eksploatacyjng i komfort pacjentow. Szczegdlnym zagadnieniem, aczkolwiek dalece niepoznanym, sq procesy
niszczenia elementow polgczen kinematycznych wywolane procesami frettingu i fretting — korozji. W pracy przedstawiono wyniki
badan frettingu i fretting-korozji stali implantacyjnej 316L — uzywanej w stomatologii, szczegdlnie w zastosowaniach protetycz-
nych i ortodontycznych. Badania realizowano za pomocq oryginalnego urzqdzenia wlasnej konstrukcji, z wykorzystaniem meto-
dyki opracowanej przez autorow. Badania frettingu i korozji przeprowadzone zostaly w buforze fosforanowym (PBS) jak rowniez
w obecnosci sliny naturalnej i jej substytutow. Na potrzeby badan opracowano wlasne kompozycje sztucznych slin. Obserwacje
powierzchni probek prowadzone byly z wykorzystaniem skaningowego mikroskopu elektronowego (SEM) oraz mikroskopu kon-
Jfokalnego. Wyniki badan wskazujq na znaczgcy wplyw frettingu na niszczenie korozyjne stali 316L (fretting-korozja), a takze na
istotng role badanych plynow (Sliny i jej substytutow) w tych procesach. Stwierdzono, ze najkorzystniejszymi charakterystykami
tribologicznymi charakteryzowat sie substytut sliny zawierajgcy mucyne III. W trakcie testow frettingu obserwowano intensywne
zjawiska przenoszenia materialow w strefie kontaktu tarciowego.

Stowa kluczowe: tribologia, fretting, fretting-korozja, sztuczna slina, implanty, stomatologia.

1. Introduction

Fretting is defined as a complex process of relative, oscillating
micro-displacements of contacting surfaces, as a result of which de-
struction of the surface layers of these contacting elements takes place
[33, 34]. Adhesive damaging of surfaces and the formation of fatigue
cracks causes the creation of wear particle as well as their subsequent
oxidation and hardening. These products act as an abrasive and are
broken up, and their amount increases until the contacting surfaces
are separated by a layer of oxide particles and wear conditions are
stabilized. Materials conveyance processes, which take place with
intensive oxidation, are also observed in the contact area [19]. Four
primary mechanisms are responsible for fretting wear processes: ad-
hesion, fatigue, abrasion, and corrosion [20]. Depending on the type
and direction of motion, fretting is divided into: tangential, radial,

torsional, and rotational fretting [36-38]. Its main consequence is a
drastic reduction of the durability and the operational reliability pe-
riod of devices.

The phenomenon of fretting applies to most biomaterials, includ-
ing metals, polymers, as well as ceramic materials [5, 14, 22, 37].
Advances in implantology impose the application of materials fulfill-
ing ever-greater requirements concerning biofunctionality, with pres-
ervation of full biotolerance of implants in the human body [10, 25].
Metallic materials are widely used in dental prosthetics and surgery.
They are used, among other things, to reconstruct or replace miss-
ing teeth and as elements of orthodontic apparatus for correction of
malocclusions [2, 23]. The most commonly used materials are pre-
cious metals (gold, platinum, palladium), alloys of cobalt, titanium,
and nickel, as well as austenitic steels [3, 5, 6, 11]. It should also be
mentioned that, due to the toxic properties of some of these materials

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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(nickel, vanadium), new compositions of metallic alloys with simi-
lar characteristics but which cause less harm in the human body are
sought for. Components made from implantation steels have found
wide applications in dentistry and orthodontics because of their good
technological and strength properties as well as their low production
costs [25, 8]. AISI 316L and AISI 316LVM stainless steels are mainly
deserving of attention. They contain molybdenum, which stabilizes
the chromium compounds forming the passive layer on the surface of
the alloy, thus increasing its resistance to pitting and crevice corro-
sion, which are responsible for the degradation of multi-component
implant systems [15, 35].

Many works concerning fretting and fretting corrosion relate to
the field of orthopedics and are focused on components of prostheses
and bone fixations [12, 16, 30]. Only a few works pertain to processes
occurring in the oral cavity [4, 24, 28, 30]. Processes of destruction of
metal prosthetic elements (intraoral distractors of maxillofacial bones,
dental implants, orthodontic apparatus) resulting from their fretting
corrosion are still little known. There are known cases in which wear
products of orthodontic elements (mainly ligatures) are adsorbed onto
dental plaque, causing stains. A part of the wear products is sent to the
digestive system, from which they pass through to the organism in
the form of metal ions (iron, chromium, nickel), which exhibit toxic
activity [10, 13, 29].

The influence of the environment is of large significance in
processes of fretting and corrosion destruction. Its aggressiveness is
largely caused by active chemical substances, particularly chlorine,
sulfur, oxygen, and phosphorus compounds [9, 17]. Human saliva,
which fulfills a series of protective and supporting functions, includ-
ing lubrication functions, also has a large influence on corrosive and
fretting wear processes in the oral cavity [7, 26, 27]. Persons suffering
from abnormal salivary gland secretion (xerostomia) are exposed to
the effects of excessive grinding down of teeth and are forced to use
artificial preparations that act as a substitute for natural saliva. This is
why more and more new preparations simulating the functions of hu-
man saliva are being developed and introduced onto the market. Stud-
ies in this scope have a high cognitive and utilitarian significance. The
results of these studies can be used for better selection of biomaterials
and saliva substitutes, oriented towards increasing the durability and
extending the operating life of dental prosthetics components and, at
the same time, improving the health and comfort of patients.

The goal of this paper was to study the processes of fretting and
fretting corrosion of 316L implantation steel in the presence of human
saliva and its substitutes — developed at the Department of Materi-
als and Biomedical Engineering of Biatystok Technical University. A
special testing station and research methodology, as described further
in the paper, were developed in order to achieve this goal.

2. Materials and testing methodology

316L implantation steel with the chemical composition presented
in table 1 was subjected to tests.

Test samples were subjected to grinding operations in order to
achieve a surface roughness on the order of Ra=0.4 um. To eliminate
impurities, samples were rinsed in ethanol and placed in a sonifier for
10 minutes before every test. Human saliva solutions acquired from a
25 year old male and its substitutes, developed at the Department of

Table 1. Chemical composition of 316L steel

Materials and Biomedical Engineering of Biatystok Technical Uni-
versity (table 2), were used in tests. All artificial saliva preparations
were based on phosphate buffered saline (PBS) with pH=7 and had
the chemical compositions presented in table 3.

Table 2. Solutions used in tests

Designation Composition
A human saliva
B phosphate buffered saline (PBS)
C mucin lll (2% mass) in PBS
D mucin Ill (2% mass) + xanthan gum (0.35% mass)
in PBS

Table 3. Chemical composition of PBS (content of ingredients in 1 dm? of

water)
Ingredient Content [g]
Sodium chloride (NaCl) 6,72
Disodium phosphate (Na,HPO,) 2,27
Monopotassium phosphate (KH,PO,) 1,11

Analysis of data from the literature and the results of preliminary
studies conducted by the authors were the basis for selection of model
saliva substitutes. The selection of mucins was related to the favorable
tribological characteristics of this substance. Xanthan gum is a natural
ingredient in many compositions destined for use in the oral cavity. Its
addition enabled correction of the rheological properties of the devel-
oped compositions relative to natural saliva.

A diagram of the kit used for fretting and fretting corrosion tests
is shown in fig. 1. Friction processes were performed at a small am-
plitude on the order of 100 um, a frequency of 0.8 Hz, and with unit
pressing forces of: 5, 15 and 30 MPa. The moving table of the device,
on which disk-shaped samples with a diameter of 8 mm were fas-
tened, was in reverse motion. A countersample in the shape of a trun-
cated code was pressed to the surface of the disk, and the diameter of
the contact surface was equal to 1.3 mm. Disks and cones were made
from 316L steel.

Assessment of fretting wear was performed according to a method
developed by the authors by measuring the volume of material decre-
ment as well as of the material accumulated during the friction proc-
ess (excess material). A LEXT OLS4000 with 3D imaging capabil-
ity was used in these studies. It enabled accurate measurement of the
surface and of the volumes of decrements and excess material. The
applied method makes it possible to measure only areas of interest,
the statistics of which are calculated in real time. An illustration of
the developed method of fretting wear assessment is presented on the
diagram in fig. 2.

Fretting corrosion tests were conducted at a pressure of 15 MPa.
The tester was connected to a PGP201 potentiostat from the Radiome-
ter company along with a tri-electrode system. The working electrode
was the tested sample, and the reference electrode was a saturated
calomel electrode (SCE). The auxiliary electrode was a platinum elec-
trode with a surface of 128 mm?.

Pitting corrosion resistance tests
were carried out using the potentio-

dynamic method according to stand-
Alloy Alloying components (maximum content, % mass) ard PN-EN-ISO 10993-15 [20]. Eve-
Fe Cr Ni Mn Mo Si ry test was started by determining the
remainder 22,00 15,00 4,25 3,00 1,00 open circuit potential Eqcp.
316L steel Nb N c c > s Fretting corrosion tests were di-
. vided into three trials. All trials were
0,80 0,50 0,50 0,08 0,03 0,01 repeated five times. The first trial
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Fig. 1. Testing station: a) general view, b) diagram of the testing system:
1,2 — sample and countersample, 3 — tested solutions, 4 — saturated
calomel electrode, 5 — platinum electrode

g\

Fig. 2. Diagram of the fretting wear assessment method

was a reference test, during which pitting corrosion resistance was
assessed. At the start of potentiodynamic tests, potential was set at
the level E;;;; = Eqcp— 100 mV. Potential change took place in the
direction of the anode at a rate of 3 mV/s. After the achievement of
the maximum value in the measuring range +4094 mV or after the

Material accumulation (allowance)

achievement of anode current density at 1 mA/cm?, a change in the
polarization direction took place. In the second trial, the fretting proc-
ess was started after the determination of Eqcp potential, and changes
of potential were recorded over one hour (2880 cycles). Next, a po-
tentiodynamic test of samples with damaged surfaces was conducted.
The final test involved the registration of the electrochemical proc-
esses occurring during fretting (approx. 900 cycles).

The registration of anode polarization curves during individual
stages of fretting corrosion made it possible to determine characteris-
tic quantities describing the resistance of steel to pitting corrosion in
the environment of saliva and its substitutes. Open circuit potential
(Eocp), corrosion potential (E.,,), repassivation potential (E,,), and
polarization resistance (R;) were registered. The value of polariza-
tion resistance was determined using Stern’s method by analyzing
the range of +£10 mV relative to the corrosion potential. This was
conditioned by the requirements of maintaining a linear dependency
between current density and sample potential. The value of repassiva-
tion potential was read at the coordinates of the point of intersection
of the anode curve with the return curve.

Observations of sample surfaces were carried out using a Hitachi
S-3000N (SEM) scanning electron microscope and a LEXT OLS4000
confocal microscope.

3. Test results and discussion

Measurements of friction forces and estimated friction coeffi-
cients were performed under stable conditions during fretting tests.
Tests were performed in the environment of natural saliva and devel-
oped substitutes. Obtained results are presented in fig. 3.

The data shown in fig. 3 indicates that friction pairs in the envi-
ronment of mucin Il and natural saliva are characterized by the low-
est resistances to motion. The greatest resistances to motion, which
were reduced as pressure increased, were observed under dry friction
conditions. This is probably related to the oxides that are formed on
the surface of steel, which create a protective anti-adhesive layer that
reduces frictional resistance after being broken
up. The presence of lubricant substances in the
friction pair limits oxygen access, which re-
duces the capability of protective oxide layer
formation. In this case, the rheological proper-
ties of lubricant fluids and the content of anti-
friction modifiers (mucin) capable of forming
adsorbent boundary layers are decisive. These
layers prevent direct metal-metal contact, thus
reducing resistance to motion and wear. The
worsening of the tribological characteristics of
compositions containing xanthan gum, particu-
larly under small loads, may be related to the
antagonistic effect of this additive to the adsorp-
tive capabilities of mucin and to an increase of
the viscosity of the tested lubricant composition
(D). A more precise explanation of the observed
phenomenon requires further study.

It should be emphasized that weak removal
of wear products from the friction area is char-
acteristic of fretting processes. Disk wear test
results are presented in fig. 4. This data indicates
that the greatest wear occurs during dry friction.
This is expressed by the accumulation of a large
amount of wear products on the surface of fric-
tion (excess material). In a large degree, these
are oxidized products of primary wear, mainly in the form of iron and
chromium oxides (components of the steel) [32]. As a result of inten-
sive oxidation processes, the volume of wear products in comparison

89um |
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Fig. 3. Influence of saliva and its substitutes on friction coefficient values:

A — human saliva, C — mucin Il in PBS, D — mucin III + xanthan gum
in PBS, DF — dry friction

to the native material and their hardness are increased. This has an ef-
fect on further friction and tribological destruction processes.

The application of lubricant fluids significantly reduced the
amount of wear, particularly in the presence of saliva and of the mucin
solution. The addition of xanthan gum (solution D) led to increased
wear. As mentioned earlier, this is probably caused by a reduction of
mucin adsorption, which limits the formation of protective boundary
layers. Furthermore, an increase of fluid viscosity has an unfavorable
impact on capabilities of wear product removal from the friction area.
This may lead to intensification of wear processes (secondary wear).

As mentioned earlier, the significant effect of fretting on the
intensification of corrosion processes is indicated in many publi-
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Fig. 4. Volumetric wear in the friction zone accounting for decrement — excess
of material

cations [4, 17, 30]. The results of conducted tests

Table 4. Results of corrosion tests

Environ- Trial* Eocp Ecor R, Erep
ment [mV] [mV] [kQ-cm?] [mV]
| -114 =191 303,61 -23
A I —-205 —267 161,1 26
1] -125 —354 4,42 -94
| -105 -134 118,70 -76
B I -113 -181 32,51 -165
1] -80 -273 5,04 -109
| -144 -212 97,12 -155
C Il -189 —256 44,52 -176
1] =172 -343 3,00 -93
| =151 =217 135,05 -148
D Il —249 -315 13,12 -114
1] —240 —-355 10,13 -178
*| - reference sample; Il - corrosion test after fretting; Il - corrosion test
during fretting

open circuit and corrosion potentials of studied samples are indicative
of this.

Analysis of the obtained data shows that all studied saliva sub-
stitutes exhibit similar corrosion aggressiveness. However solution
D had the worst characteristics, as indicated by the lowest values of
corrosion potentials as well as by the slightly greater rate of current
density increase. Despite similar potentials, the greatest polarization
resistances are present in the environment of natural saliva - which
indicates is favorable anti-corrosion properties. Registered anode po-
larization curves in the environment of saliva and its substitutes are
presented in fig. 6. The return curve in solution A visible on the chart
indicates the occurrence of repassivation processes - the formation of
a secondary protective layer. This formed layer is quickly destroyed,
however, and the revealed metal surface is subject to corrosion. No
clear repassivation processes were observed in other environments.

Obtained data shows that, for the studied fluids, repassivation
potentials are similar to corrosion potentials, which indicates a low
intensity of surface repassivation processes. The processes of passive
layer destruction and reconstruction are visible in the case of simulta-
neous testing of fretting and corrosion. This indicates a typical, jagged
course of the anode polarization curve (fig. 7).

Microscope observations of the surfaces of tested samples constituted
unequivocal evidence of the intensive processes of fretting and corro-
sion wear. Indicative images of such surfaces are shown in fig. 8. Fret-
ting wear processes are focused in the central friction contact area (fig.
8a). Wear products remaining in the friction area are clearly visible.

shown in table 4 confirm these constatations. -50

Testing of sample potential in an open system ena-
bles preliminary assessment of the resistance of the
material to corrosion processes. The influence of fret-
ting on changes of potential is clearly visible in fig. 5.

After potential was stabilized over one hour, the
fretting friction process was initiated, which led to the
destruction of the protective passive layer and a sud-
den drop of the corrosion potential value. After fric-

Open circuit potential
Egcp mV
{‘\

Fretting

g

tion is discontinued, the oxide layer is reconstructed 0
and potential rises in the direction of the initial state.
However, the destroyed protective layer was not fully
reconstructed, which has an unfavorable influence on
the corrosion resistance of the tested material. Lower

ting

40 60 &0 100 120 140 160 180

Time, min
p—y B ——C —_—D

Fig. 5. Changes of the potential of the 316L implantation steel sample in an open system with fret-
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Fig. 6. Anode polarization curves in the environment of studied preparations after fretting
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Fig. 7. Anode polarization curve in the saliva environment during fretting

Despite the difficulties in identification of the simultaneously occur-
ring processes of tribological and corrosive wear (fretting corrosion),
it was possible to observe propagation of the corrosion beyond the
friction area (fig. 8b).

4. Conclusions

The results of studies confirmed the high susceptibility of 316L
implantation steel to wear as a result of fretting and fretting corro-
sion. Test results indicate differing effects of saliva and its substi-
tutes on the course of these processes. The lowest corrosive aggres-
siveness and the best lubricant properties, relative to natural saliva,
were exhibited by the mucin III solution in phosphate buffered saline.
The addition of xanthan gum had an unfavorable effect on tribologi-
cal characteristics and corrosion resistance. 316L implantation steel
exhibits the greatest resistance to fretting corrosion processes in the
environment of natural saliva. This is indicated by high polarization
resistances and visibly greater values of potential at which reverse
polarization takes place.
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Fig. 8. Microscope photographs of the surfaces of 316L implantation steel

samples after tests in the saliva environment: a) after fretting (SEM),
b) after fretting corrosion (confocal microscope)

Despite the fact that natural saliva still remains to be the least
corrosive environment for 316L steel, it seems that the base solution
of mucin III in PBS may constitute a basis for development of saliva
substitutes with favorable tribological characteristics. Such prepara-
tions can be used to reduce the effects of affections in the oral cavity,
such as bruxism, and may also be useful in improving the operational
lifetime of dental prosthetics and orthopedic apparatus components.
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