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ARTICLE INFO ABSTRACT

Keywords: Understanding the corrosion behavior of biomedical materials in the human body is an essential step for the
Humar} synovial fluids development of improved materials and clinical procedures in arthroplasty. In this work, the corrosion behavior
Corrosion of Ti and CoCrMo alloys in human synovial fluids directly extracted from patients was investigated through an
Ti . . . . . . . . .

CoCrMo electrochemical experimental protocol, including open circuit potential (OCP), electrochemical impedance
Galvanic corrosion spectroscopy (EIS) and potentiodynamic polarization measurements. The results show that the corrosion
Tribocorrosion behavior of both materials largely depends on patients. The obtained corrosion rates of both materials corre-

spond well to the metal ion release rate detected in patients with joint implants revealing the adequateness of the
electrochemical experimental protocol for quantifying in-vivo corrosion of biomedical implants. Based on the
results, no significant risk of galvanic corrosion of Ti/CoCrMo coupling is anticipated. The rates of wear-
accelerated corrosion (one of the main degradation mechanisms of metallic artificial hip joints) were theoreti-
cally extracted from the present electrochemical measurements using an established tribocorrosion model. Those
material loss rates are patient-dependent and can be up to two orders of magnitude higher than the static
corrosion rates, indicating that the nature of the patient can critically affect the degradation rate of the joint

implant.

1. Introduction

Along with the rapid modern medical development, the application
of biomedical devices has been continuously increasing in recent years.
By 2030, knee joint arthroplasty in the USA is estimated to be about
3000,000 cases [1]. The lifetime of implants was associated with the
release of metal ions into the human body by corrosion of the implants,
which above a patient-dependent critical threshold [2], can become
harmful to the human body [3-5].

To improve the performance of implant materials, it is essential to
understand the corrosion behavior of implant materials in the human
body. So far, corrosion of alloys used for orthopedical implants (typi-
cally Ti and CoCrMo alloys) was mainly investigated in simulated body
fluids, including isotonic sodium chloride (NaCl) [6-10], phosphate
buffers (PBS) [6,7,11-13] and the more complex Hank’s [7-9,14] so-
lutions. Bovine serum albumin (BSA) [11-13,15] and hyaluronic acid
[9,14] are sometimes added to simulate the effect of organics. Besides,
hydrogen peroxide (H205) [10,13,16] is introduced to mimic the body’s
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inflammation conditions. These studies reveal that the corrosion reac-
tion between metals and human synovial fluids depends on a large
number of complex phenomena. For instance, phosphate and calcium
ions slightly diminish the anodic current of CoCrMo alloy [6,11] and Ti
alloy [7,8,17] by adsorbing onto the metal surface. BSA can inhibit the
reduction reactions by adsorbing onto the metal surface [6,11]. How-
ever, depending on the concentration, protein can either accelerate the
corrosion rate of metals by forming soluble complexes with metal ions
[11,13] or inhibit corrosion by acting as a physical barrier [11,15]. The
impact of HA on the corrosion behavior of Ti [14] and CoCrMo alloy [9]
is limited compared with BSA due to its hydrophilic property and large
size that lead to less adsorption on the metal surface. In addition, HyO2
can significantly increase the corrosion rate of the metal [10,13,16]
owing to the unpaired electrons in the valence shell. However, the effect
of each phenomenon was only studied independently, and their appli-
cation to complex human body fluids has not been well validated.

The study of electrochemical reactions of metal directly in human
synovial fluids is quite limited [18-21]. Munoz et al. [18] investigated
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the electrochemical behavior of a CoCrMo alloy in different synovial
fluids, which were directly extracted from 17 patients with different
clinical states. The results show that the electrochemical behavior of the
alloy varied significantly with the various synovial fluids. Besides, a
significant difference between in-vivo and in-vitro corrosion behavior
was obtained, probably due to the complex composition of synovial
fluids. Similarly, the patient-dependent corrosion behavior of Ti in
human synovial fluids was also reported in [21], where the in-vivo re-
sults cannot be explained by the in-vitro ones. Besides electrochemical
research, retrieved prostheses are investigated to study the actual re-
action behavior of metal in synovial fluids. Different surface layers, from
oxide film to organic or graphitic film, were found on retrieved implant
load-bearing surfaces [22-24]. However, only the case of an oxide film
underneath an organic layer is reported in the in-vitro research [25,26].
These results indicate that in-vitro experiments do not necessarily
represent the whole in-vivo behavior.

It is therefore necessary to investigate the corrosion behavior of
metal in real human synovial fluids to determine the actual reaction
behavior and predict the lifetime of the implants. In our previous work
[21], anovel short-term electrochemical experimental protocol has been
designed and validated to assess the corrosion behavior of Ti in synovial
fluid directly extracted from patients. This study revealed that the
electrochemical response of Ti is highly dependent on the patient.
Comparison with in-vitro experiments using the same protocol evidenced
that the main difference lies in the cathodic response linked to the
presence in the synovia of organic compounds and the activity of dis-
solved oxygen.

In this study, the novel electrochemical experimental protocol [21]
was applied to a new cohort of patients to investigate the corrosion
behavior of Ti and CoCrMo alloy both materials immersed in the same
human synovial fluid. The pertinence of the electrochemically deter-
mined corrosion rates will be appraised by comparison with the metal
ion release rates measured in patients with orthopedic implants. This
allows to assess relevant clinical implications, such as the risk of
galvanic corrosion in implants combining Ti or Ti alloys with CoCrMo
alloys. Moreover, the obtained electrochemical measurements will be
exploited to evaluate through a tribocorrosion model the risk of damage
of artificial hip joints as a function of the patient.

2. Experimental
2.1. Materials

A Tirod (grade 2: Ti > 98.9 wt.%, Fe < 0.30 wt.%, O < 0.25 wt.%, C
< 0.08 wt.%) and a low carbon CoCrMo alloy rod (Co: 65.95 wt.%, Cr:
28 wt.%, Mo: 6 wt.%, C: 0.05 wt.%) supplied by Goodfellow were used
in this study. Samples were cut from bulk rods with a diameter of 4 mm
and a thickness of 6 mm. The samples were polished with SiC emery
paper from 1200 to 4000 grit in water, followed by a polish tissue with
an ethanol-based diamond suspension (0.25 ym in diameter). The final
surface roughness (Ra) was measured by a laser scanning confocal mi-
croscope (KEYENCE VK-X200), and the value for Ti and CoCrMo alloy
was 15 + 3 nm and 10 + 1 nm, respectively. The Ra value of CoCrMo
alloy is the typical surface roughness for artificial joints. Afterwards, the
samples were cleaned in acetone and 70 % ethanol with ultrasonics for 5
min, respectively, following the dry-up with oil-free compressed air.

A multi-electrode cell with a 2 ml volume was used for the electro-
chemical measurements, as shown in the previous paper [21]. Two Ti
and two CoCrMo samples, serving as working electrodes (WE), were
placed in the cell and tested under the same conditions. Besides, an
Ag/AgCl (3.5 M KC]) electrode and platinum rods were used as reference
electrode (RE) and counter electrodes (CE), respectively.

The synovial fluids were extracted from patients by a skilled surgeon
with a syringe. Contamination of synovial fluids by blood or other
components was minimized. The extraction procedure is explained in
detail in [21]. The overall protocol of this study (protocol 208/13) was
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approved on 28 May 2013 by the ethics committee for human being
studies of the local government (Commission cantonale (VD) d’éthique
de la recherché sur I’étre humain) according to the ICH GCP guidelines.
Note that for legal reasons, no access to clinical information concerning
the patients was permitted to nonmedical staff.

The fluids were directly transferred to the electrochemical laboratory
within 5 min. The picture of synovial fluid was taken right after. Sub-
sequently, the pH of the fluid was measured with pH paper (sensitivity is
0.3 pH units) by depositing a drop of synovia from the syringe onto the
paper. Ultimately, synovial fluids were injected into the cell until com-
plete filling. The liquids were also subjectively categorized during the
injection into the electrochemical cell according to their consistency in
sticky (similar to glycerol) or liquid (similar to vegetable oil). The
measurements were carried out at 37 + 1 °C. The detailed experimental
procedure is described in [21].

2.2. Electrochemical experiments

Different electrochemical measurements were conducted sequen-
tially on the samples using a potentiostat IVIUM VERTEX:

— The OCP of 10 Platinum rods (2 diameter) and a Ag/AgCl reference
electrode (RE) was measured for 10 s sequentially. The standard
deviation of the OCP-CE values (STDEV) was used for assessing the
degree of homogeneity of synovial fluids. The Pt rods were short-
circuited to act as a counter electrode in the following electro-
chemical tests.

- The OCP between 4 working electrodes made of titanium and
CoCrMo alloys (WE) and the RE was measured during 5 mins.

- The Polarization resistance (Rp) of one of the Ti and one of the
CoCrMo was conducted after the OCP measurement by applying a
potential + 20 mV with respect to OCP with a scan rate of 2 mV/s.

- The second and third steps were repeated four times.

— The solution resistance (Rs) was obtained by carrying out an Elec-
trochemical Impedance Spectrosocpy test (EIS) on the same Ti and
CoCrMo samples at the OCP. The applied potential amplitude was
+10 mV and the frequencies were scanned from 10° to 1 Hz.

- Potentiodynamic scans were conducted on the same Ti and CoCrMo
sample by scanning the potential from the OCP to —1 Vag/agc1 and
reversing it to 1 Vag/agc) With a scan rate of 2 mV/s.

- The Rs was measured again at the end of the sequence by the EIS
procedure on the Ti and the CoCrMo samples.

The whole experiment procedure is shown in Fig. 1.
3. Results
3.1. Human synovial fluids

67 patients (patient number 20 to 86) were tested among which only
22 patients had enough amount of synovial liquid (> 2 ml) to carry out
the electrochemical measurements. The information of the tested sy-
novial fluids is summarized in Table 1. The pH of the extracted synovia
varies from 6.5 to 8.2 although most of the samples lied around 7.3. The
maximum pH change after the electrochemical tests was of 0.5 units. As
already previously reported for patient number 2 to 18 [21], the color of
the synovial liquids was yellow or red, depending on the patient while
the qualitatively aspect of the synovia was liquid, sticky (similar to
glycerol) or little sticky (similar to vegetable oil). The measurement of
the OCP of the individual Pt wires was used to assess the electrochemical
homogeneity of the synovial fluid [21]. The standard deviation of the
measured OCP values varies depending on the patient, from 12 mV to
49 mV. These values are very close to those found in 0.8 % NaCl solution
(32 mV), indicating that the synovial fluids are homogeneous.
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Fig. 1. Experimental electrochemical sequence followed to test Ti and a CoCrMo alloy in the synovia extracted from patients.
immersion in the tested synovia is shown in Fig. 3. The final OCP of Ti
Table 1 . . . .
P ies of h (a1 fluids extracted tested patient varies with patients between a minimum of —560 mVag/agc1 and a
roperties oI human synovial rluids extracted from teste atients. . . . .

P 4 P maximum of —230 mVag/agc1. Like Ti, the final OCP of the CoCrMo
Patient number Volume/ml pH Observation sample depends on patients, varying from —500 mVag/agci to —300
20 6 8.2 Sticky mVag/agcl- Similar values between the two tested Ti electrodes and the
21 6 7.9 Sticky two CoCrMo samples were obtained except for P21, P59, P71 and P83
§§ g ;'z :?Ciy for Ti and P22 and P48 for CoCrMo. The OCP values of Ti can be higher

. 1C! . . .
2% 4 79 Lmleysticky or lower than that of CoCrMo alloy, depending on the synovial fluid.
28 6 7.6 Little sticky It is worth noting that the sterilization methods influence the OCP
31 4 7.9 Sticky values. For instance, higher OCP values ranging from —83 mVag/agci to
35 6 7.6 Little sticky 0 mVag/agc1 were obtained for CoCrMo alloy in a previous study before
36 6 7.6 Liquid . s .
39 s 73 Liquid being tested [18], where the samples were sterilized in an autoclave
43 7 7.3 Sticky under saturated steam at 121° for 20 min. This is due to the changes in
46 8 7.3 Liquid the passive film thickness and composition which accelerates the oxygen
48 10 7.0 Sticky reduction reaction and inhibits the anodic dissolution [27]. A thicker
53 6 7.3 Liquid and Cr-rich passive film was formed on the CoCrMo surface sterilized in
59 5 7.6 Sticky . s s
- s 73 L . an autoclave compared to the one obtained when the sterilization was
. ittle sticky . .
73 3 7.3 Little sticky done in 70 % ethanol, as in the present work.
75 2 8.0 Little sticky
76 5 6.5 Liquid
78 6 7.3 Liquid 3.3. Rp of Ti and CoCrMo alloy
83 6 7.0 Sticky
86 2 n.d. Sticky

3.2. OCP of Ti and CoCrMo alloy

The OCP of the two Ti and two CoCrMo alloy samples was measured
sequentially every 5 min. Fig. 2 illustrates three examples of those
measurements showing the different OCP variations with time for both
materials. For most patients, the OCP values of the two tested electrodes
stabilized after 10-15 min of immersion, as observed for patient P21.
However, exceptions are observed in CoCrMo. For example, patient P73
exhibits a decreasing trend of OCP of both CoCrMo electrodes, while an
increasing trend was observed for P22 on one electrode only.

The final OCP of Ti and CoCrMo alloy measured after 20 min of

Examples of Rp measurements for Ti and CoCrMo alloy are shown in
Fig. 4. For both materials, a linear variation of current with applied
potential is not observed across the zero current due to the capacitive
effects of the double layer and passive film. These results correspond to
those previously reported [21]. Nevertheless, Rp values were deter-
mined by taking the reciprocal of the slope of the linear part in the
anodic region of the i vs E plots.

The obtained Rp values for Ti and CoCrMo alloy tested in the
different synovia from patients are shown in Fig. 5. These results show a
significant variability in the Rp of Ti among patients, up to 50-fold
difference, with P46 showing the highest and P20 the lowest Rp. Anal-
ogously, the Rp of the CoCrMo alloy varies among patients, with a
notable difference up to 70-fold. The highest Rp value was obtained for
P48 and the lowest for P20. Besides, the results reveal that much higher

-200 -100
—o—Ti_P21 CoCrMo_P21
—u—Ti_P22 —=— CoCrMo_P22
——Ti_P73 —A— CoCrMo_P73
-300 -200 4
3 S -
=" -400 - =" -300 A
[S S
w - - w
-500 -400
_600 T T T T T >500 T T T T T
0 5 10 15 20 0 5 10 15 20
Time / min Time / min

Fig. 2. OCP variation with the immersion time of Ti and CoCrMo samples in different synovial fluids. The potentials of the two Ti and the CoCrMo electrodes are

shown for each patient.
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Fig. 5. Rp value of Ti and CoCrMo alloy in all synovial fluids.
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Rp values are obtained for Ti compared with CoCrMo alloy in most of the
synovial fluids (from a minimum of 10 KOhm*cm? for P39 to a
maximum of 7 MOhm*cm? for P46.). The only exception was found for
P22 and P36, in which the Rp value of both materials are very close.

3.4. Conductivity of synovial fluids

The solution resistance (Rs) of the synovial fluid, inversely propor-
tional to its conductivity, was extracted from the impedance spectra at a
frequency of 10° Hz. The Rs values of the different synovial fluids are
shown in Fig. 6. The solution conductivity was acquired based on the
distance between the RE and the WE, the Rs and the surface area of the
WE. The values of the conductivity of each synovial fluid are shown in
form of dashed bars in Fig. 6. The results indicate that synovial fluids are
conductive and present a resistance similar to the 0.8 % NaCl solution
(80 Ohm which corresponds to 1.8 S/m). Besides, no significant differ-
ence in the Rs tested before and after the potentiodynamic scan was
observed, thus suggesting that the scan does not significantly modify the
conductivity of the synovial fluids.

3.5. Potentiodynamic polarization curves of Ti and CoCrMo alloy

The representative cathodic and anodic polarization curves of Ti in
the synovial fluids are shown in Fig. 7a and 7b, respectively. All polar-
ization curves in all tested synovia are shown in the supplementary
material (Figs. S1, S2). Fig. 7a shows that the cathodic current density
varies more than two orders of magnitude depending on the patient.
Patients P20 and P26 exhibit exceptionally high current densities. All
curves show a linear part around 100 - 200 mV below the OCP.

Three potential domains are observed in the anodic polarization
curves, Fig. 7b: the cathodic domain below the corrosion potential
(Ecor), where the current density is dominantly determined by the
reduction reaction, the cathodic/anodic transition at Eco, and the pas-
sive domain at higher potentials. The passive domain is typically char-
acterized by an initial steady increase in current followed by a current
plateau. The passive domain of the polarization curves of P20, P28 and
P31 (supplementary material) exhibit current oscillations, whose origin
is not clear at this moment.

The cathodic and the anodic polarization curves of the CoCrMo alloy
are plotted in Fig. 8a and 8b. The results for the overall series of patients
are reported in the supplementary material (Figs. S3, S4). Contrary to
the Ti, the cathodic current densities of the CoCrMo alloy are quite
similar among patients, except in P20 where higher cathodic and anodic
currents are observed, as shown in Table S2 (supplementary material).

Electrochimica Acta 476 (2024) 143708

All curves exhibit two linear parts: around the region from —0.4 to —0.7
Vag/ag/cl and from —0.85 to —1 Vag/ag/cl-

Four potential domains are observed in the anodic polarization
curves of the CoCrMo, Fig. 8b: the cathodic domain below the corrosion
potential (Ec,), the cathodic/anodic transition at Ec,, the passive
domain within the current plateau and the transpassive domain where
the current increase with potential. The anodic polarization curves, as in
the case of the cathodic ones, exhibit slight differences (within one order
of magnitude) among patients.

It is worth noting that the two polarization curves measured on two
Ti samples for P79 and two CoCrMo alloys for P85 exhibit very similar
behavior, as shown in the supplementary material. This good repeat-
ability confirms the pertinence of electrochemical measurements in the
synovial fluids.

To quantitatively assess the electrochemical behavior of both mate-
rials, characteristic parameters are extracted from the cathodic polari-
zation curves of the Ti and the CoCrMo alloy, and they are listed in
Table 2. The Tafel constant b, is obtained as the reciprocal of the slope of
the linear part immediately below E.o+. The corrosion potential E¢op+
equals the OCP of Ti and CoCrMo alloy. The corrosion current density
icor Was obtained by extrapolating the linear part of the logarithmic plots
displayed in Figs. 7a and 8a to the OCP value.

Table 2 shows that the b, varies among patients, with a range from
83 to 385 mV for Ti and from 117 to 267 mV for CoCrMo alloy. These
variations suggest differences in the mechanisms of the cathodic
reduction reaction [28]. Similarly, depending on the patient, the icor
values of Ti vary from 0.02 to 0.5 pA/cm? For CoCrMo alloy, the ico
values range between 0.02 and 6 pA/cm?, and most values lie in the
narrow range of 0.2 to 0.1 pA/cmZ.

4. Discussion
4.1. Electrochemical reactions of Ti and CoCrMo alloy in synovial fluids

As shown in Figs. 7, S1 and S2, the electrochemical behavior of Ti is
patient-dependent, especially with respect to the cathodic reactions. The
reversible potentials of oxygen and hydrogen reduction reactions at a pH
7 and 37 °C are 0.6 Vag/agc1 and —0.6 Vag/agcy, respectively. This implies
that in the studied cathodic domain, the reduction of dissolved oxygen
(E < OCP), water and protons (E < —0.6 Vag/agcp) occur. The cathodic
reduction depends on many factors [11,13], such as the concentration of
reactants, the electrode surface state (nature of passive film, adsorption
of organics and ions) and the potential. It is therefore not straightfor-
ward to attribute the significant differences in cathodic kinetics
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Fig. 6. Solution resistance and conductivity of synovial fluids from different patients.
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Fig. 8. (a) Cathodic and (b) anodic polarization curves of CoCrMo tested in synovial fluids.

observed on Ti (Fig. 7a) to specific factors. One can only argue that since
the pH of tested synovial fluids little varied among patients (Table 1),
the role of proton reduction appears marginal. Indeed, comparison with
in-vitro studies allowed to identify the concentration of dissolved oxygen
and organic adsorption as crucial factors affecting the cathodic kinetics
of Ti in synovial fluids [8,13].

In the anodic domain, the polarization curves of the patients follow a
similar trend up to 0 Vagagc characterized by a steady increase in the
current. Above this potential, the plateau current may differ signifi-
cantly depending on the patient. The origin of the plateau is probably
linked to the transition from the oxidation of Ti to TioOs and to the
thermodynamically more stable TiO, [28-30]. The passive current
density is determined by the rate of passive film growth and the film
dissolution kinetics. The synovial fluid chemistry can interfere in a
complex way with both mechanisms. For example, organic molecules
can promote film dissolution by forming complexes with the metal ions
released from the passive film. On the other hand, protein can adsorb on
the passive film surface and inhibit passive film dissolution [9,12,31].

Similarly, the cathodic current for CoCrMo alloy is also determined
by the reduction of dissolved oxygen, water and protons. It depends
therefore on the same factors as mentioned above for Ti.

The anodic part of the polarization curves of CoCrMo are charac-
terized by a passive plateau followed, at higher potential, by a trans-
passive domain. The passive film on CoCrMo mainly consists of Cra03/

Cr(OH)3 and smaller amounts of Co oxide/hydroxide and Mo oxide/
hydroxide [32,33]. As discussed for Ti, the passive current density is
governed by the passive film growth and its dissolution. The variation of
passive current density could then depend on the protein concentration
[34] as protein can either interact with the metal ions by forming soluble
complexes (increase the dissolution rate of the film) or adsorb on the
metal surface, inhibiting the dissolution process [6,11]. The passive
current density could also be influenced by the ions in the synovial
fluids. For instance, it is reported that phosphate ions adsorb on the
sample surface, enhancing the passive dissolution resistance [35]. In
addition, current oscillations were observed in three patients, two of
which showed also the presence of isolated cells on the tested surfaces.
Therefore, those currents oscillation could be attributed to the local
presence of cells on the titanium surfaces. The SEM images of the Ti
sample surface after exposure in synovial fluids for P11 and P20 are
shown in Fig. S5 (supplementary material).

In the transpassive domain, the current starts to increase with
applied potential due to the transformation of Co(II), Cr(III) and Mo(IV)
oxide to Co(III), Cr(VI) and Mo(VI) oxide, as well as oxidation of water.
The latter two oxides are soluble, resulting in the dissolution of the
passive film. The transpassive current may be affected by the presence of
protein and phosphate ions, which react with metallic ions by forming
complexes and thus enhance dissolution [35].
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Table 2
Electrochemical parameters extracted from the cathodic polarization curves of
Ti and CoCrMo alloy.

Ti CoCrMo alloy
Patient bc/ Ecors / icor /MA/ bc / Ecors / icor /MA/

mv MVag/ag/cl cm? mV MV ag/ag/cl cm?
20 237 —247 0.2 267 —428 0.6
21 99 —442 0.02 147 —424 0.04
22 304 —364 0.1 145 —407 0.04
23 101 —500 0.02 134 —440 0.05
26 111 —455 0.02 143 —412 0.06
28 276 —443 0.08 147 —407 0.09
31 88 —389 0.04 147 —420 0.08
35 168 —298 0.02 138 —431 0.05
36 343 —-277 0.2 193 —426 0.04
39 216 —282 0.04 154 —-359 0.03
43 223 —346 0.04 124 —464 0.05
46 85 —-312 0.02 164 —-360 0.02
48 83 —324 0.02 152 -310 0.02
53 67 —388 0.02 117 —479 0.04
59 74 —502 0.02 120 —474 0.03
71 85 —448 0.02 129 —435 6
73 74 —382 0.5 246 —333 0.03
75 147 —357 0.04 203 —410 0.09
76 71 —-397 0.02 170 -397 0.04
78 385 —366 0.1 200 —-392 0.1
83 129 —501 0.02 198 —374 0.05
86 92 —432 0.02 184 —418 0.07

4.2. Metal ion release rates of Ti and CoCrMo alloy in synovial fluids

In order to compare the obtained corrosion rates with the metal ion
release found in-vivo, the icor (pA/cmz) were converted into mass loss
Meor (mg/dm?/day') through the Faraday’s law according to the
following equation:

Meor = 8640Micy, /nF (€Y

Where M is the atomic mass: 48 g/mol (Ti), 59 g/mol (Co), 52 g/mol
(Cr) and 96 g/mol (Mo), F is Faraday constant: 96,485 A s/mol and n is
its oxidation valence which is assumed to be 4 (Ti), 2 (Co), 3 (Cr) and 4
(Mo).

Although the concentrations of metallic ions in serum, plasma, whole
blood, and urine are largely reported in the literature, no information
about in-vivo corrosion rates of Ti and CoCrMo alloy could be found.
Nevertheless, the corrosion rate can be tentatively estimated by
considering that, in case of no further ion accumulation in the body, it
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Fig. 9. Comparison of the metal ion release rates (points) obtained from the
icor values calculated in this study and those obtained from the literature
(bars) [36].
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corresponds to the release rate of metal ions through urine. This is a
coarse assumption, as ions can be eliminated through other ways, such
as sweat and hair growth [4].

Considering an approximative Ti or CoCrMo exposed hip joint
implant surface of 1 dm? [21 ], this yields an elimination rate of
Ti/Co/Cr/Mo through urine in the range of 6 x 10~® mg/dm?/day to
1.2 mg/dm?/day, as displayed in Fig. 9. The release rates of Co, Cr and
Mo are calculated by assuming the amount of released metal ions is
proportional to the bulk alloy composition. Ti/Co/Cr/Mo concentration
in urine for patients with hip and knee implants was reported by
Matusiewicz [36]. Given that the typical urine release rate of human
bodies is approximately 1.5 1 per day, the measured metal ion release
rates are displayed in Fig. 9. This range corresponds well to the corrosion
rates obtained in this study. It is worth noting that the metal ion release
rates obtained from this study are in the upper limit of those found in the
literature. This can be due to the fact that the values tested in urine are
only a fraction of the overall metal ion release, as well as the fact that the
corrosion rates usually decrease with time.

The good correlation between these electrochemical corrosion rate
measurements in synovial fluid and the overall metal release rates
detected in patients opens the perspective of using the short in-vivo
protocol used in this study to anticipate the patient response to a given
implant material. As a preliminary step, the patients whose synovial
fluid was characterized using our protocol, should be followed surgery
regarding metal content in the urine. In this way, a quantitative corre-
lation between electrochemical measurements and effective metal
release rate could be confirmed.

4.3. Galvanic corrosion between Ti and CoCrMo alloy in human synovial
fluids

Ti/CoCrMo coupling is widely used in joint prostheses, for example,
in hip implants with a CoCrMo head inserted into a femoral stem made
from Ti or Ti alloy. The contact of dissimilar materials in an environment
can result in galvanic corrosion because of the possible differences in
electrode potentials.

In this work, the risk of galvanic corrosion is determined by quan-
tifying the galvanic current density of Ti and CoCr tested in synovial
fluids. The galvanic current density ig is the cell current flowing between
an imaginary electrode 1 (e.g., Ti) and an electrically connected imag-
inary electrode 2 (e.g., CoCrMo) immersed in an electrolyte. The
galvanic current flows from the electrode with a higher potential
(cathode) to the one with the lowest potential (anode). It corresponds to
the corrosion enhancement of the anode caused by the coupling with the
cathode. The galvanic corrosion between coupling materials in simu-
lated body fluids [37-39] depends on several factors, such as surface
state [37], solution composition [38,39] and area ratio [28]. For
instance, pure Ti behaves as an anode when coupled to CoCrMo alloy in
saline solutions, while it has a cathodic behavior after an acid etching
surface treatment [37].

The galvanic current density was calculated from the OCP and Rp
values of Ti and CoCrMo as tested in synovial fluids using Eq. (2) [28]:

OCP, — OCP, 1

_ 2
' R. + R, + Rs + Rext A, 2
OCP. — OCP,
ig=———7—" 3)
Rp. + Rp,

Where OCP, and OCP, represent the OCP (mV) of the two materials
acting as cathode and anode, respectively. Rc and Ra represent the po-
larization resistance (Ohm) of the two materials in the electrolytes. Rs
represents the solution resistance (Ohm) between the two materials, and
Rext represents the resistance of the electronic conductors (Ohm), which
is not considered due to the negligible electrical resistance. A, represents
the surface area of the anode (cm?).
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Taking into account the surface areas of both electrodes, Eq. (2) can
be rewritten as Eq. (3), where Rp. and Rp, are the polarization resistance
values of both materials obtained from Fig. 5. The solution resistance of
the tested synovial fluid can be neglected since its value is much lower
than that of Rp.

By using the values in Fig. 3 (for the OCPs) and Fig. 5 (for the Rps),
the galvanic corrosion of the Ti/CoCrMo coupling in the different sy-
novial fluids was obtained and plotted in Fig. 10. In the graph, the green
bars show that CoCrMo alloy acts as the anode. ig varies with patients
from the nA/cm? range to the yA/cm? range. The maximum and the
minimum iG values were found in P20 and P76, respectively. ig values
are close to the corrosion current densities of the Ti in the synovial
fluids, indicating that the coupling with CoCrMo does not significantly
increase the Ti corrosion rates. The ig values of the CoCrMo are even
smaller than its corrosion rates, therefore, no significant galvanic effect
is expected for the CoCrMo coupled to Ti. This is probably due to the
small differences between the OCPs of Ti and CoCrMo alloy in synovial
fluids.

4.4. Tribocorrosion

Apart from corrosion, Ti and CoCrMo joint implants are also sub-
jected to tribological loading, resulting in the combined action of
corrosion and wear, namely tribocorrosion. Under this condition, the
passive film on the metal surface is removed by the mechanical loading
and leads the underneath active metal exposed to the fluids. This can
increase the corrosion rate by several orders of magnitude [40], the
so-called wear-accelerated corrosion, which is one of the main causes of
joint degradation [41]. Under tribocorrosion conditions, a galvanic
corrosion cell forms between the worn area (anode) and the non-worn
area, which remains passive (cathode). The corrosion rate of the
anode i, can then be estimated from cathodic polarization curves by
using a simple model originally developed for the tribocorrosion of
aluminum alloys [42] and later validated for Titanium and CoCrMo
alloys [41,43].

The model considers that in a galvanic cell, the anodic current
density i, is equal to the cathodic current density i. multiplied by the
ratio of the surface area of the cathode A, and the surface area of the
anode:

ia = _i('Ar/Aa (4)
Where i, is the anodic current density (A/cm?), A, is the area of the wear

track (cmz), ic is the cathodic current density (A/cmz) and A, is the area
of the passive region (cm?). In this study, the current density is assumed
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to be homogenous over the cathode and anode regions.
The cathode potential E. (V) can be obtained through the Butler-
Volmer equation:

E. = Ecore + bclogiror - bclogllc‘ 5)

Where E,., b and i, can be extracted from the cathodic polarization
curves, as summarized in Table 2.

The OCP decay is assumed to be the same for all tested patients, with
a value around 0.3 V, taken from the only research on CoCrMo alloy in
NacCl and bovine serum using a simulator [23]. Similar values (0.1 - 0.35
V depending on the solution and load) were also observed using labo-
ratory tribometers in previous works [44-46].

Considering Eq. (5), i. values of both materials under tribocorrosion
condition for all tested patients can be extracted and are shown in
Fig. 10. For comparison, the i., of both materials are also present in the
graph as triangles. Interestingly, the estimated cathodic current den-
sities in Fig. 10 change significantly among patients from —0.4 nA/ cm?
(P73) to —10 pA/cm2 (P20). This implies that one has to expect signif-
icant variations (up to a factor of 25) in the metal ion release into the
body from joint implants, and this variation depends on the patient.

To assess the anodic current, i.e., the corrosion rate, it is necessary to
determine the A, and A, values. A corresponds essentially to the surface
area of the sample. For an artificial hip joint with a CoCrMo head
diameter of 32 mm, the corresponding sphere surface area (i.e., 3217
mm?) can be approximately taken as A.. The anodic area can be esti-
mated to correspond to the scratched area during a gait, i.e., the width of
the plastic indentation on the metallic head multiplied by the peripheral
sliding distance. By considering a CoCrMo head of 3.6 GPa hardness
[47] and an average indentation force of 1500 N (according to ISO 14,
242-1 with a body weight of 75 kg), one obtains, by diving indentation
force by the hardness, a contact area of 0.42 mm? with a diameter of
0.73 mm (assuming a circular contact area). The extension flexion range
of amplitudes in adults is around 60° (1.05 rad) [48], yielding a sliding
distance of 16.8 mm for a 32 mm diameter head. The scratched area (A,)
per gait cycle is thus 12 mm? (16.8 mm times 0.73 mm), a value much
smaller (by a factor of 268) than A.. These yields wear accelerated
corrosion rates ranging from 107 (P73) to 2680 (P20) pA/cmZ. These
values are significantly higher (by 3 to 4 orders of magnitude) than the
corrosion rates determined under static conditions (see Fig. 11). Similar
enhancement of corrosion rates by rubbing was reported in in-vitro tri-
bocorrosion studies [49].

The wear-accelerated corrosion rates expressed in pA/cm? can be
converted to the more usual unit of mm?>/s (released material volume
per s or cycle for a gait frequency of 1 Hz) used in wear studies of

1E-05 -

1E-06 4[]

1E-07

i / A*cm

1E-08

1E-09 T T T T T T T T T

{0 AL

Q- aNGd Dy o B NS 60 Oy Gy L0y Ky aG ae a0y o
A T I R EFTITNFFIT LA NNN R

Fig. 10. Galvanic current density of Ti/CoCrMo couplings in human synovial fluids (the bars displayed in green indicate that CoCrMo alloy acts as the anode).



Y. Bao et al.

Electrochimica Acta 476 (2024) 143708

7 [ CoCrMo Feors Ti 4 CoCrMo
10 4] = =
s G - L
< i =] =
o LA BN R HI
O =f L EH EH EH EHAA B EH EH T R U (At e
= A &l 4]
3 4 o} A a
] al| [af 4 4 &
] o] o} o]
i o [ala)
0.01 e R T T T o B L L o R A e B B s

QN AV DO D N0 D WD O DD D AN A AD A0 AD D O
P VTV 2 2 X ¥ ¥ )N VN VYRR

Fig. 11. i. of Ti and CoCrMo alloy under tribocorrosion conditions for different patients (i.o, for both materials are displayed as triangles). Unstable OCP of CoCrMo

alloy was obtained for P71.

artificial joints. Using Faraday law, one obtains material loss rates in the
range of 0.24 to 6x 10”7 mm?>/s. These values are in line with the steady
state wear rates reported from hip joint simulator studies of CoCrMo
alloys (0.2 - 15x 1077 mm3/s) [50]. This good correlation supports the
tribocorrosion galvanic coupling model and the possibility of assessing
the variability of hip joint implants among patients by measuring the
polarization behavior in vivo. However, the extent of wear and wear
accelerated corrosion rate is also affected by the lubricating properties of
the synovial fluid, i.e., on its viscosity.

5. Conclusions

In this study, the electrochemical behavior of Ti and CoCrMo alloy
directly in human synovial fluids was investigated. Based on the results,
conclusions can be drawn below:

e The electrochemical behavior of Ti in human synovial fluids varies
significantly with patients, being several orders of magnitude
different. The electrochemical behavior of CoCrMo alloy is also
patient-dependent although its relative variation is sensibly less.

e The corrosion rates of Ti and CoCrMo alloy correspond to the metal
ion release rates as determined by urine analyses from patients with
implanted hip and knee artificial joints. This shows that the mea-
surements taken in a short time range can be used to anticipate the
long-term behavior.
The obtained results show that no significant risk of galvanic
corrosion between Ti and CoCrMo alloy occurs in human synovial
fluids. This is mainly because the two metals exhibit very similar
open circuit potentials once exposed to a synovial fluid.
Through this in-vivo experimental protocol combined with an
established tribocorrosion model, the degradation rates for hip im-
plants (wear accelerated corrosion rates) were calculated. The
calculated wear accelerated corrosion rates are much larger than the
static corrosion rates, and their order of magnitude corresponds well
to the data obtained from simulators. The wear rate of implants may
significantly vary among patients depending on the electrochemical
properties of their synovial fluid.
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