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Abstract Metal-on-metal (MoM) hip retrievals exhibited
the presence of carbonaceous tribofilms, derived from
synovial proteins, particularly on the articulating surfaces.
Studies suggest that the films decrease corrosion and wear.
To extend implant longevity and minimize the side effects
due to released metal ions/debris, it is important to inves-
tigate the possibility of generating such films artificially on
the implant surfaces (before implantation) and evaluate its
corrosion resistance in a simulated hip environment.
Hence, in this study, a film that mimics tribolayer is gen-
erated on CoCrMo alloy surface through electrochemical
treatment. The mechanism of formation and corrosion
resistance is evaluated by electrochemical impedance
spectroscopy (EIS) technique. A standard three-electrode
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corrosion cell was used to conduct the experiments on
polished (R, < 10.0 nm) CoCrMo alloy disks in bovine
calf serum with three different protein concentrations (0,
15, and 30 g/L) and at four different treatment potentials
(=04, +0.6, +0.7, and 40.8 V). EIS testing (at E,,
potential amplitude: +10 mV, frequency range 100 kHz to
0.005 Hz) was conducted pre- and post-potentiostatic
treatment. Tribofilm was evaluated by scanning electron
microscopy, white light interferometry, and Raman spec-
troscopy. Results suggest evidence of electrochemically
induced film formation and their potential ability to
increase the corrosion resistance of biomedical implants.
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1 Introduction

Total hip replacement (THR) surgery is an increasingly
popular treatment for the management of hip arthritis in
elderly patients and individuals who suffer from degener-
ative joint disease [1]. By the year 2030, the total number
of hip replacement procedures performed within the US is
projected to increase to 572,000, a 174% growth compared
to the 208,600 number of procedures performed in 2005
[2]. In addition to elderly THR patients, there exists a
cohort of THR patients who are younger, active, and have
longer life expectancies [3]. Benefits of a THR include an
increased quality of life among patients, allowing them to
live with improved mobility and pain relief.

The choice of implant bearing type depends on the
lifestyle of the patient [4]. For younger patients, ceramic-
on-ceramic (CoC) and metal-on-metal (MoM) surfaces are
still considered because they can withstand the increased
loads on the implant [4-6]. MoM THRs, made of CoCrMo
alloys, demonstrate biocompatibility, high corrosion resis-
tance, and wear properties [7-10]. Although MoM THR
implants do provide a solution to hip arthritis, concerns
about the devices have grown and since 2009, these
implants have been excluded from the US implant market.
The problems/concerns with hip implants include wear,
which is material loss due to friction [11] and corrosion,
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the chemical degradation of materials [12]. The synergy
between wear and corrosion processes on material degra-
dation is termed tribocorrosion [13]. Hence, identifying a
potential solution to such issues is an attractive research
topic among the biomedical researchers.

Recent studies showed that proteins within the synovial
fluid surrounding the joint implants affect the corrosion
kinetics of MoM implants. However, the interaction
between proteins and the implant surface has not been
thoroughly investigated [14, 15]. It has been reported that
synovial joint proteins, which are largely plasma proteins,
are able to form a protective layer on the surface of the
implant that helps to limit the wear [8, 11, 13, 16-18].
These films are termed tribofilms or tribochemical reaction
layers, and were identified on retrieved implants and
mechanically tested CoCrMo alloy surfaces using hip
simulators [17].

Wimmer et al. [18] conducted surface analyzes of MoM
hip retrievals, and found that at least eighty percent of the
retrieved femoral bearing heads or acetabular cups dis-
played tribochemical layers. The layers, when present,
were predominantly located near to the articulating sur-
faces of the THR bearing [18]. X-ray photoelectron spec-
troscopy analysis (XPS) indicated that the tribochemical
reaction layers largely consisted of decomposed organic
proteins and salts that were deposited onto oxide layers
located on the metal surfaces [18]. Liao et al. [19] studied
the tribofilms on hip retrievals with Raman spectroscopy,
and identified two Raman shifts that are signature to gra-
phitic carbon. The presence of graphene within the tri-
bofilm could help to reduce wear and corrosion at the
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implant surface by acting as a solid lubricant [19], but
could also cause biocompatibility issues. Wear processes
may lead to dispersion of graphitic fragments into the
pseudo-synovial fluid, presenting challenges in systemic
transport.

In 2013, Martin et al. [20] found that carbonaceous films
will form on CoCrMo thin films when the alloy is corroded
in bovine calf serum using potentiodynamic scans, and the
film deposition was measured at the alloy surface at
potentials near +0.77 V versus SCE (Standard calomel
electrode). The films also formed on pure molybdenum thin
films during potentiodynamic tests at potentials near
+0.06 V versus SCE, but not on the pure Co and Cr sur-
faces, suggesting that molybdenum is necessary to initiate
the film formation [20]. X-ray photoelectron spectroscopy
(XPS) analysis confirmed that the films are derived from
the serum proteins because the nitrogen was found in the
amide or amine states and the nitrogen—carbon ratio was
the same as that of serum proteins, including albumin
[9, 15].

As a result of the findings by Martin et al. [20] the goal
of this study was to induce film formation on CoCrMo
surfaces in a proteinaceous environment through electro-
chemical treatment of the metal, and then evaluate the
film’s effectiveness in resisting corrosion through electro-
chemical impedance spectroscopy (EIS). To extend
implant longevity and minimize the side effects due to
released metal ions/debris, it is important to investigate the
possibility of generating such films artificially on the
implant surfaces (before implantation) and evaluate its
corrosion resistance in a simulated hip environment. We
hypothesized that (1) carbonaceous film formation is
influenced by the electrochemical potential and by protein
content and that (2) at high protein concentrations, the
films will promote superior corrosion resistance than films
formed from solutions with lower protein concentrations.

2 Materials and Methods
2.1 Sample Preparation

In this study, 24 high-carbon (HC-wrought) CoCrMo alloy
disks of 12 mm diameter and 3 mm thickness supplied by
ATI Alvac Inc. (Pittsburgh, PA 15222, USA) were used.
Table 1 shows the chemical composition of the disk sam-
ples. All samples were mechanically polished to a mirror

surface finish (R, < 10.0 nm). Prior to each experiment,
the sample was cleaned ultrasonically in 70% isopropyl
alcohol for 10 min and then in distilled water for 10 min.
Electrochemical treatment In 2011, our group showed that
CoCrMo corrosion kinetics is improved in the presence of
a specific protein concentration range because of superior
passive film generation on the alloy surface [17-19].
Potentiodynamic curves of the CoCrMo alloy in the tested
electrolytes (as a function of protein concentration) from
that study are shown in Fig. 1. These data helped to
determine the treatment potentials and the various elec-
trolyte compositions to use during the electrochemical
treatment in the present investigation.

Electrochemical testing was conducted with a standard
three-electrode corrosion cell. A schematic figure of the
set-up is seen in Fig. 2. CoCrMo alloy disks were used as
the working electrodes (WE) with an exposed surface area
of 0.385 cm? (The possibility of interstitial corrosion with
o’ring is not considered in the analysis). The counter
electrode was a graphite rod and the reference electrode
was a saturated calomel electrode (SCE). 10 mL of the
electrolyte was used for each sample and was pre-warmed
to 37 °C (physiological temperature) prior to testing.
During the tests, the fluid was maintained at this temper-
ature using a water bath. The electrolyte was simulated
synovial fluid, the composition of which is provided in
Table 2.

The experimental design of the two series of electro-
chemical tests is described in Fig. 3. The first series of
tests was designed to gather corrosion mechanism-related
information on film formation. Therefore, the EIS tests
and the potentiostatic polarization step were all conducted
at the same treatment potential. The second series of
experiments was designed to determine film stability and
clinical relevance. Therefore, the EIS experiments were
conducted at Eoc before and after the potentiostatic
treatment step.

The same treatment potentials and electrolyte concen-
trations were used in both sets of tests. Four treatment
potentials were tested: —0.4, 4-0.6, 40.7, and +0.8 V. The
values of +0.6, +0.7, and +0.8 V were chosen to examine
the repassivation regime while the value of —0.4 V was
chosen as a control and corresponds to the period of film
passivation. Protein concentration in the electrolyte solu-
tion was also varied between tests. Three protein concen-
trations were tested: 0, 15, and 30 g/L. These values
correspond to (1) the normal physiological value, 15 g/L,

Table 1 Composition of

CoCrMo alloy Disk dimensions (mm)

High-carbon CoCrMo alloy chemical composition (wt%)

Diameter

Thickness C Co Cr Mo Si Mn Al

12 3

0.034 64.96 27.56 5.70 0.38 0.60 <0.02

@ Springer



4 Page 4 of 18

J Bio Tribo Corros (2017) 3:4

Fig. 1 Potentiodynamic test of
CoCrMo in various
concentrations of electrolyte.
The graph shows the
transpassive region (+0.6 to
0.8), where the current is
decreased, indicating the
possible film formation

2.0 1

Electrode Potential (V) (E Vs.SCE)

-1.0

PD Comparisons

Transpassive
potentials

1E-9

Fig. 2 Schematic diagram of
the standard three-electrode
corrosion cell used in
electrochemical testing. The
reference electrode (RE), a
counter electrode (CE), and
working electrode (WE—the
specimen) is connected to the
potentiostat

(2) values due to inflammation, 30 g/L, and (3) a control 1.
value of 0 g/L protein content [21]. Three tests were con-
ducted at each variable experimental condition (N = 3).

The entire electrochemical test consisted of six steps, as 2.

explained in Fig. 4:
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OCP 1: The open circuit potential at the WE was
measured for 3 min to ensure that all electrical
connections were set up correctly.

OCP 2: The OCP was measured for 30 min as the
corrosion cell stabilized.
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Table 2 Composition of bovine calf serum (BCS) electrolyte 4. Treatment step (potentiostatic polarization): A specific
NaCl (g/L) EDTA (g/L) Tris (/L) Protein (¢/L) potential (—0.4, +0.6, +0.7, or .+0.8 V) was apphe'd to

the surface for 1 h to possibly induce film formation.
Composition of bovine calf serum (BCS) electrolyte 5. EIS 2: EIS tests were repeated on the specimen to
9 02 27 30 measure the effects of the treatment potential on the

material’s corrosion kinetics.
6. OCP 3: The OCP was measured again to determine if

3. EIS 1: EIS testing (potential treatment, potential this value changed following electrochemical

amplitude: 410 mV, frequency range 100 kHz— treatment.
0.005 Hz) was conducted to measure the properties In the first series of tests, the EIS steps were conducted
of the material surface before each treatment step. at the same potential as the potentiostatic polarization step

Electrochemically generated film
P P
/ \ / Stability study-Series 2 \

Mechanistic study-Series 1

Input N Potentials: Potentials:
Parameters (-0.4 (control) 0.6, 0.7 and 0.8V) (-0.4 (control) 0.6, 0.7 and 0.8V)
Protein concentrations: Protein concentrations:
(0g/L, 15g/L, 30g/L) (0g/L, 30g/L)

\ VAN )

—I.

Open circuit potential, Potentiostatic test,
Electrochemical Impedance Spectroscopy (EIS)

Output Polarization resistance, Capacitance, Surface
parameters changes

Main goal and Usefulness of the generated film for the CoCrMo
significance based hip implants

Fig. 3 Schematic of the testing parameters used in the study, protein concentration, and electrochemical potentials. The study is divided into two
series: series 1: mechanistic study and series 2: electrochemical stability of the film at clinically relevant conditions

OCP 2: QCP 4:
OCP 1: Initial EIS 1: PS: EIS2; Final
Check connections | Stabilization |100kHz-0.005Hz] Treatment potential | 100kHz-0.005Hz] Stabilization
300 I 1800s | s10mv | 3600 s |  tw0mv | 1800s

Held at: -0.4V, +0.6V, +0.7V, or +0.8V

Series 1: EIS 1 and 2 at the potential of the treatment (-0.4, +0.6, +0.7, +0.8)

Series 2: EIS 1 and 2 at the free potential (Eoc)

Fig. 4 The electrochemical protocol used in the study. The differences between the two series are that series 1 was designed to understand the
mechanistic information behind film formation while series 2 was designed to measure the electrochemical stability of the film
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(Step 5). In the second set of tests, EIS tests were con-
ducted at E..

After each experiment, the WE specimen was sonicated
for 15 min in 70% isopropyl alcohol and then in distilled
water for 10 min.

2.2 Surface Characterization

Following electrochemical testing, white Light Interfer-
ometry (WLI) (Zygo New View 6300, Zygo Corporation,
Middlefield, CT, USA) was conducted on three regions of
each sample to determine surface roughness. The surfaces
were then imaged using Scanning Electron Microscopy
(SEM) (Jeol JSM-6490 LV, Oxford Instruments, Oxford,
UK), and Energy dispersive X-ray spectroscopy (EDS) to
observe the alloy microstructure and film composition.
Raman Spectroscopy (Action Trivista CRS Confocal
Raman System, NUANCE, Evanston, IL, USA) with
excitation radiation of an Ar—Kr 514.5 nm gas laser at —10
mW was also performed on sample surfaces to quantify the
carbon profile generated at each treatment potential.

3 Results
3.1 Electrochemical Treatment

The current evolution during the potentiostatic treatment
step (Step 5) in 30 g/L. protein content electrolytes is
shown in Figs. 5. The result shows that, the current evolved
at +0.6 V was greater than at +0.7 V. Current evolution is
an indication of metal ion release, where K, the mass of
metal ions released, is quantified by Faraday’s law:

Fig. 5 Evolution of current
during the electrochemical

4 -
treatment at two protein 6.0x10
concentrations 30 g/L. The
current evolution during the
potentiostatic treatment steps at
all the potential parameters

P P <C 4.0x10*

under consideration. The s
surrounding electrolyte was
30 g/L protein content

OxM
T UxF n
where ‘Q’ is the anodic charge in coulombs (C) passed
through the working electrode, determined by integrating
the current over time, ‘M’ (g/mol) is the equivalent weight
of the elements dissolved, ‘n’ is the dissolution valence
(note that ‘n’ can be varied with applied potential), and ‘F”
is the Faraday’s constant (96485 C/mol.). Generally,
increasing anodic potentials leads to increment in the
current evolution.

3.2 Electrochemical Impedance Spectroscopy (EIS)

3.2.1 EIS of Series 1: Mechanistic Understanding
of the Film Formation

As mentioned earlier, by doing EIS at a treatment potential,
the mechanistic understanding of the film formation can be
investigated. The after treatment Bode and Nyquist plots of
Series 1 are presented in Fig. 6. Figure 6a, b show the
Bode and Nyquist plots obtained at —0.4 V. The Nyquist
plots are quarter circles, regardless of the protein content.
The Bode phase angle plot displays one time constant, in
which the results for all electrolyte concentrations closely
overlap from low- to high-frequency values. Figure 6c,
which shows the Bode plot at +0.6 V, demonstrates that
higher impedances were obtained with increasing protein
content of the electrolyte. The Nyquist plot of +0.6 V, in
Fig. 6d, resulted in semi-circles with a loop, which show
reduced corrosion kinetics with increasing protein content.
The Bode phase angle plot of +0.7 V (Fig. 6e), shows two
time constants, at low and high frequencies, for all protein
content conditions. The plots are not overlapping at these

Current Evolution

. Current Evolution
30 g/L Protein Content 2010 ". 20 gL Protein Contert
i - —04v
i g 1.0x10° |\‘
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Fig. 6 a-h EIS at treated
potential (series 1) a Bode and
Nyquist plots as a function of
treatment potential. a —0.4 V
Bode plot, b —0.4 V Nyquist
plot, ¢ +0.6 V Bode Plot,

d +0.6 V Nyquist Plot,

e +0.7 V Bode Plot, f +0.7 V
Nyquist Plot, g +0.8 V Bode
Plot, h 4-0.8 V Nyquist Plot

values. The Nyquist plot of +-0.7 V in Fig. 6f shows a loop
associated with 30 g/L protein content while 0 and 15 g/L
protein content conditions do not result in such a loop.
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These results suggest that 15 g/L protein displays superior
corrosion kinetics than other electrolyte conditions. The
Bode phase angle plot for 4-0.8 V in Fig. 6g reveals two
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time constants located at high- and low-frequency values,
with 30 g/L protein resulting in superior anti-corrosion
kinetics than other electrolyte conditions. In the Nyquist
plot for +0.8 V (Fig. 6h), 30 g/L results in superior anti-
corrosion kinetics. However, 0 g/L protein resulted in a full
loop. The combination of 40.7 V with 15 g/ protein
resulted in the most superior corrosion kinetics based on
the Nyquist plot compared to 4-0.6 and +0.8 V. However,
treatment at —0.4 V resulted in even greater corrosion
resistance than at +0.7 V. The treatment at —0.4 V is
within the natural passivation regime of CoCrMo, which
explains its superior corrosion resistance.

3.2.2 EIS of Series 2: Stability of the Film in Clinically
Relevant Conditions

As with Series 1 (Fig. 6), Fig. 7 displays the Bode and
Nyquist plots for Series 2. In Fig. 7a, the Bode plot for
—0.4 V shows a broader bandwidth occurring with 30 g/L
protein, indicating superior film formation than 0 g/L
protein. In Fig. 7b, the Nyquist plot for —0.4 V indicates a
greater resistance to corrosion with the 30 g/L protein.
There are two time constants shown in the +0.6 V Nyquist
plot in Fig. 7c. The first one occurs at a lower frequency
while the second one occurs at a mid-range frequency.
However, both electrolyte conditions for 4-0.6 V appear to
overlap throughout the frequency range. Similar to the
results in Fig. 7b, in Fig. 7d, 30 g/L protein appears to
have superior corrosion resistance than 0 g/L. In Fig. 7e,
both 15 and 30 g/L protein show overlapping plots, while
0 g/L protein content shows less ability for film formation.
In Fig. 7f, the Nyquist plot for +0.7 V shows that 30 g/L
protein results in anti-corrosion kinetics than the plots for
the other electrolyte conditions. The Bode plot of +0.8 V,
shown in Fig. 7g, displays two time constants. The first one
is located at a low frequency and the second one at mid-
range frequencies; both of the electrolyte conditions
resulted in separate curves, which only overlap towards
higher frequencies. The Nyquist plot shown in Fig. 7h of
+0.8 V, shows that the 0 g/L protein content electrolyte
condition shows superior corrosion kinetics than the elec-
trolyte, which has protein. To summarize Fig. 7, superior
anti-corrosion kinetics was demonstrated with +0.7 V.
Therefore, from both of these Series, +0.7 V shows
promising evidence for being an optimum treatment
potential for electrochemically induced film formation.

3.2.3 Equivalent Circuit Model
EIS data can be fit to an equivalent circuit model. Although
such circuits do not correspond exactly to the complexity

of an implant surface, they do provide the opportunity to
model the general behavior of a specific metal and its

@ Springer

interface with surrounding conditions. Data from an
equivalent circuit model can quantify the material’s
polarization resistance (R;) and double layer capacitance
(Cy). The simplest equivalent circuit is Randle’s circuit. It
is composed of a resistor in series with a resistor and
capacitor that are in parallel. The first resistor corresponds
to the resistance of the electrolyte that surrounds the alloy
while the other two components correspond to the resis-
tance and capacitance of the double layer that forms on top
of the metal surface. These values reflect the bulk metal’s
resistance to corrosion. The higher the double layer resis-
tance and the lower the double layer capacitance, the more
resistant the surface is to corrosion. Since Randle’s circuit
is the simplest circuit model, it is not able to explain the
complex behavior of the CoCrMo interface in an elec-
trolyte. Therefore, a Randle’s circuit modified with a
constant phase element (CPE) was used in place of the
capacitance of the double layer in the original Randle’s
circuit. Figure 8a shows the equivalent circuit that was
used to model the experiments in Series 1. Because of
strong loop-like behavior exhibited in the Nyquist plots for
Series 1 (shown in Fig. 6), an inductor (L) was also
incorporated into the model circuit of Series 1. It should be
noted that, in Series 1, EIS data are from the surfaces with
electrochemically active surfaces (EIS at treatment poten-
tial). Hence, additional series Part (R and C) together with
inductance (L) represents the active electrochemical double
layer, which consists of metal ion and active proteins. The
reported R value is the summation of the resistances that
are connected in series. (Ripia1 = Rout + R+Rip)-

Figure 8b shows the equivalent circuit that was used to
model the experimental data for Series 2. The Chi squared
value was in good agreement with experimental values
(<0.002) for each test using the respective equivalent cir-
cuit models.

During passivation, an oxide layer forms on the
CoCrMo surface, greatly protecting it from corrosion.
However, this oxide layer can be destroyed by mechanical
wear. Therefore, this potential cannot serve as a long-term
treatment for the implant. The potential of +0.7 V occurs
during the repassivation regime, while +0.6 and +0.8 V
occur before and after the repassivation regime, respec-
tively. During repassivation, a carbonaceous film begins to
reform on the metal surface. The evolution of polarization
resistance and capacitance are shown in Fig. 9a, b for
Series 1 and Fig. 9c, d for Series 2 using the respective
equivalent circuits in Fig. 8a, b.

In Fig. 9a the resistance is highest using +0.7 V of the
treatment potential as compared to the other potentials,
although —0.4 V has the highest resistance for all con-
centrations, this potential is the potential where passivation
of the film occurs, therefore resulting in the highest resis-
tance because the passivation which occurs is a stronger
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Fig. 7 EIS at Eoc (free
potential-series 2) Bode and
Nyquist plot as a function of
treatment potential. a —0.4
Bode Plot, b —0.4 Nyquist Plot,
¢ +0.6 V Bode Plot, d +0.6 V
Nyquist Plot, e +0.7 V Bode
Plot, f +0.7 V Nyquist Plot,

g +0.8 V Bode Plot, h +0.8 V
Nyquist Plot
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film than that occurring during the repassivation regime  treatment is shown for each of the treatment potentials in
(i.e., +0.7 V). The lowest resistance to corrosion was  each electrolyte condition. Throughout, +0.6 V displays
shown in the +0.8 V treatment potential throughout all the  the highest capacitance, which is due to CoCrMo having a
concentrations tested. In Fig. 9b, the capacitance after the  pitting potential of +0.6 V. Therefore, this treatment
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Fig. 8 a, b Equivalent circuits
used for the EIS analysis are
provided. For the mechanistic

:

CPE (out)

study (series 1) the circuit A is R(s)
used. EIS was conducted at
treated potential. R, solution
resistance, CPE,,, constant
phase element (outer layer),
CPE;, constant phase element
(for inner layer), L inductance,
R resistance. In series 2, the
circuit was quite simple,
consisting of R solution
resistance, CPE constant phase
element, Ry resistance of
double layer. A CPE component
will provide the capacitance of
double layer. a Series 1
equivalent circuit, b series 2
equivalent circuit

R(s)

potential had the highest capacitance as compared to any
other treatment potential in the study. Again, +0.7 V
demonstrates superior corrosion kinetics, as the capaci-
tance is lower as compared to +0.6 or +0.8 V. Although,
EIS results at —0.4 V demonstrate better corrosion kinetics
than at +0.7 V, which indicates that the film during the
passivation regime is stronger than the one occurring dur-
ing the repassivation regime.

In Fig. 9c the resistance, Ry, after each treatment step at
each potential is shown. As higher resistance is indicative of
a superior resistance to corrosion, the +0.7 V has superior
resistance as compared to other treatment potentials in either
0 or 30 g/L protein. We believe that a reason for this is that
the potential of +0.7 V occurs in the repassivation range
based on the CoCrMo potentiodynamic curve seen in the
primary study with various protein concentrations. The
results showed that the 4-0.7 V potential has the ability to
induce proteinaceous film formation on CoCrMo surface.

The opposite behavior is observed in Fig. 9d, which
shows the capacitance after each treatment step at each
potential. As a higher capacitance corresponds to a
decrease in corrosion resistance, metal surfaces exposed to
4+0.6 and +0.8 V show a greater tendency to undergo
corrosion. This is because these two potentials occur out-
side of the repassivation regime.

To summarize findings for resistance and capacitance of
each treatment condition in each series, a simple ratio, R,/
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Ry, was calculated for resistance after treatment over
resistance before treatment. Such a ratio is presented for
Series 1 and Series 2 in Fig. 9e, g, respectively. The ratio
of capacitance after treatment over capacitance before
treatment, C,/Cy, is shown in Fig. 9f, h for Series 1 and
Series 2, respectively.

For Series 1, as shown in Fig. 9e, the potential treatment
with the lowest R,/Ry, ratio was +0.8 V, while the highest
R./R,, ratio was associated with 40.7 V. In Fig. 9f, the
treatment potential with the lowest C,/C, ratio was —0.4 V
while the highest treatment potential occurred with +0.6 V
for all protein concentrations.

For Series 2, after taking into consideration the ratio of
resistance after to resistance before treatment along with
the capacitance after treatment to capacitance before
treatment, the potential that demonstrates the greatest anti-
corrosion kinetics is +0.7 V. This is demonstrated by the
larger R,/R, ratio for both electrolyte conditions. Although,
40.8 Vin 30 g/L displays a R,/Ry, ratio as high as the R,/R;,
ratio for +0.7 V in 30 g/L protein, +0.8 and +0.6 V
resulted in higher C,/C,, ratios (Fig. 9h).

3.3 Surface Characterization Techniques

After using equivalent circuit modeling for Series 1 and
Series 2, surface characterization techniques of WLI, SEM,
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Fig. 9 a-h Resistance and
capacitance after treatment and
the ratios R,/Ry, and C,/Cy, for
a series 1 and b series 2.

a Resistance after treatment in
series 1 using 0, 15 and 30 g/L,
protein content. b Capacitance
after treatment in series 1 using
0, 15 and 30 g/L protein.

¢ Resistance after treatment in
series 2 using 0 and 30 g/L
protein content. d Capacitance
after treatment in series 2 using
0 and 30 g/L protein content.

e Ratio of resistance after
treatment over resistance before
treatment in series 1. f Ratio of
capacitance after treatment over
capacitance before treatment in
series 1. g Ratio of resistance
after treatment over resistance
before treatment in series 2.

h Ratio of capacitance after
treatment over capacitance
before treatment in series 2
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and Raman Spectroscopy were implemented to determine
film characteristics.

3.3.1 Scanning Electron Microscopy (SEM) Images

The treated surfaces were examined using SEM, to
understand film composition and surface homogeneity. The
SEM images of all the samples are shown in Fig. 10a-—m
for the four treatment potentials in each of the electrolyte
conditions (protein content: 0 and 30 g/L). There is no
clear evidence of proteinaceous film formation at —0.4 and
+0.6 V, Fig. 10a—e. Evidence of pitting is observed at
+0.7 V at 0 g/LL (Fig. 10e). At higher protein contents, of
15 and 30 g/L, there is evidence of proteinaceous film
formation (Fig. 10f—j). The metal alloy appears with a
lighter color while carbonaceous film formation is seen in
the images as a darker shade. Similarly, the treated surfaces
at +0.8 V also exhibit film formation, but not as intense as
for +0.7 V. Electron-dispersive spectroscopy (EDS) was
done for the sample surfaces to check the elemental com-
position of the film. The carbon-enriched film at +0.7 V
and 30 g/L is evident from the EDS analysis (Fig. 11).
Interestingly, EDS analysis shows the presence of elements
(Mo) in the film, which possibly indicates a role for Mo+
in film formation (More explanations are included in a later
section).

3.3.2 Raman Spectroscopy

Raman spectroscopy was done to understand and quantify
the carbon that appears during EDS. This would help
determine which treatment potential results in the higher
carbon content film using potential treatments and 30 g/L
protein content. Raman spectra were recorded in the range
of 1100-1900 cm™". The typical collection was 30 s and
the results reported were based on an average of 10-30
measurements. Raman spectroscopy results are shown in
Fig. 12a—d. The samples that were chosen were for 30 g/L
protein content at each treatment potential. Samples with
this electrolyte condition were chosen because it was
necessary to determine how protein would deposit on the
alloy surface at each treatment potential. Previous work has
shown the presence of a carbonaceous layer on retrieved
articulating surfaces of MoM hip implants occurring at two
peaks, 1383 and 1580 cm_l, which are the D and G bands,
respectively [7]. This carbonaceous layer, or tribofilm, has
been suggested to help with limiting friction and protecting
implant surfaces under in vivo conditions [19]. Figure 12c,
d showed clear carbon D and G bands, similar to the gra-
phitic carbon discovered in retrieved MoM hip replace-
ments [19]. The treatments at —0.4 and +0.6 V did not
produce the carbonaceous film as the D and G bands were
absent on the Raman spectra. The spectra of samples
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treated at —0.4 and +0.6 V are shown in Fig. 12a, b,
respectively. Therefore, the potentials investigated in the
present study indicate that +0.7 and 40.8 V result in two
peaks which are a signature of the presence of the car-
bonaceous layer. It is interesting to note that +0.7 V
(compared to 40.8 V) has a tenfold higher peak intensity
of the carbonaceous layer. A higher peak may be indicative
of more carbon content found within the film. Therefore,
Raman spectroscopy results suggest that film seen for
+0.7 V and 30 g/L protein has a higher intensity of carbon
than 4+-0.8 V and 30 g/L protein and any other condition we
investigated.

4 Discussion

Based on our results, proteinaceous film formation is the
result of interactions between the bulk alloy surface and the
surrounding electrolyte under anodic treatment potentials.
A treatment condition of key interest was +0.7 V and 30 g/
L protein content since previous findings have indicated
that applied potential of +0.77 V resulted in a proteina-
ceous deposition on CoCrMo thin film surfaces [20]. The
treatment potentials induced corrosion of CoCrMo alloy in
the form of pits and/or grain boundary corrosion. This
resulted in metal ion exposure at the alloy surface, which
using treatments of +0.7 and +0.8 V, may allow for
bonding interactions to occur between the alloy and elec-
trolyte content.

Our findings indicate that proteinaceous film formation
occurs with potentials of +0.7 and +0.8 V. However, more
proteinaceous film is formed at +0.7 than +0.8 V. This
finding is not in agreement with Martin et al. [20], which
leads us to believe that the properties of the CoCrMo alloy
thin film are difficult to compare with the properties of the
bulk CoCrMo alloy.

4.1 Mechanistic Behavior of Film Formation (Series
1)

By comparing the ratio of resistances (after treatment/be-
fore treatment) we could discern a trend with increased
polarization resistance, comparing +0.7 to other treatment
potentials. Interestingly, in Series 1 and Series 2, there was
a decrease in polarization resistance with increasing protein
concentrations, shown at a treatment potential of 4+0.7 V.
This leads us to question the role of proteins in corrosion
mitigation [21-24]. It appears that increasing protein con-
tent results in a decrease of polarization resistance, but at
15 g/L protein content there is an optimum amount of
protein concentration for proteinaceous film formation to
occur. However, what is important to understand is that the
electrochemically treated film formation is to be placed
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Fig. 10 a-m Scanning electron microscopy (SEM) images at various
conditions. There is a clear evidence of film formation with +0.7 V
group. a —0.4 Vin 0 g/L, b —0.4 V in 30 g/L, ¢ +0.6 V in 0 g/L,
d+0.6 Vin30 g/L,e+0.7 Vin 0 g/L, £ 4+0.7 Vin 15 g/L, g +0.7 V
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15 g/L, m +0.8 V in 30 g/L
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Fig. 11 a, b EDS analysis of
the electrochemically treated
surface at +0.7 V and 30 g/L
(protein content). The surface
shows the presence of carbon
around 15.31 weight %. The
presence of Mo is also clear,
which possibly indicates the
role of Mo+ ion in the film
formation

20pm L Mix
Element | Weight% | Atomic%
H Sum Spectrum
c CK 15.31 43.97
r
d 0K 3.56 7.68
SiK 0.48 0.59
CrL 19.38 12.86
Si Mo CoL 55.71 32.61
Mo
T T T T T T T T T T Nl L 1-33 0-78
1 2 3 4 S g 7 8 9 10
Full Scale 4543 cts Cursor: 0.234 (6282 cis) kY| ™Mo L 4.22 1.52
B
Totals 100.00

in vivo, and experimenting with the physiological potential
is what will elucidate the role of proteinaceous film for-
mation under in vivo settings, unlike the investigated
treatment potentials, which were used to simply treat the
alloy surface.

When comparing the ratio of capacitance after treatment
to capacitance before treatment, it is evident that both
treatment potentials of —0.4 and +0.7 V result in the
lowest C,/Cy, ratio compared to +0.6 and +0.8 V. These
findings are similar to those of Series 2 (some of the
aspects), in which both —0.4 and +0.7 V resulted in lower
C,/C,, ratios.

4.2 Stability of the Film in the Clinically Relevant
Conditions (Series 2)

Series 2 is clinically relevant as the EIS was conducted at

an open circuit potential both before and after the treatment
step (Step 5 of the electrochemical protocol), whereas in

@ Springer

Series 1 the EIS tests were conducted at the specific
potential of the treatment potential. To determine the
clinical stability in Series 2, the polarization resistance and
the capacitance were determined after the treatment step.
The results indicate that 4+0.7 V results in the highest
overall resistance to corrosion compared to the other
potentials. Additionally, it was shown that the capacitance
associated with this anodic potential was the lowest com-
pared to the other anodic potentials (+0.6 and +0.8 V).
Although it was confirmed with Raman spectroscopy that
both +0.7 and +0.8 V were able to elicit proteinaceous
film formation, 4-0.7 V resulted in a larger Raman intensity
of the graphitic carbon peaks than did 0.8 V. This sug-
gests, moving forward with the prospect of film formation
as a solution to MoM hip bearing contacts, that +0.7 V in
proteinaceous electrolyte will likely be able to serve as a
treatment potential, which will result in less corrosion of
the contact surfaces (i.e., acetabular cup and femoral head)
[25].
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4.3 Possible Mechanisms of Film Formation

The proposed mechanism of film formation is shown in
Fig. 13a-d. The precise mechanism for in vivo loading
conditions and kinematics is still not well defined for the

C

Fig. 13 a-d A schematic diagram shows film formation as a function
of potential and protein concentration. The formed layer is composed
of metal ions and decomposed proteins. The stability of the film is
largely dependent on the potential at which the optimum amount (or

generation of a tribolayer [26]. However, based on the
parameters of this study, the formation of the film and film
characteristics are influenced by, but are not limited to, the
treatment potential. When corrosion and wear (tribocorro-
sion) processes occur, the CoCrMo alloy undergoes surface

D

type) release of metal ions and the process of decomposition of
protein are promoted. a —0. 4 V in 30 g/L protein content, b +-0.6 V
in 30 g/L protein content, ¢ +0.7 V in 30 g/L protein content,
d +0.8 V in 30 g/L protein content
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changes [27]. This means that exposed metal ions on the
surface of the alloy are able to interact through bonding
interactions with the surrounding environment, such as the
synovial fluid because corrosion has caused the surface of
the alloy to breakdown resulting in metal ion exposure. The
bonding interactions between the exposed metal ions on the
surface of the bulk alloy and the surrounding synovial fluid
may result in a proteinaceous layer. This may be beneficial
for protecting the implant surface from further corrosive
processes in vivo. However, a treatment potential of
—0.4 V did not result in any film formation. This can be
seen in Fig. 12a, which has no film present. When com-
paring the anodic treatment potentials of +0.6, 4+0.7, and
+0.8 V displayed in Figs. 13a—c, respectively, one sees an
increase in metal ion release (gray squares). Potentials of
+0.6 and +0.8 V, either resulted in too little or too much
metal ion exposure and therefore had less film formation
than did 4-0.7 V, as shown in the Raman spectra (Fig. 11).
A potential treatment of +0.6 V did not display peaks of
graphitic carbon under Raman spectroscopy, which may
mean that no proteinaceous film formation occurred at this
potential. A potential of 4+0.7 V appeared to result in a
larger carbonaceous film than any other potential, which
may be attributed to the number of metal ions that could
bond to the components of the protein. After following the
treatments at anodic/transpassive potentials, Raman spec-
troscopy and SEM with EDS demonstrated that film for-
mation using 30 g/L protein content at 4-0.7 V results in a
larger amount of carbon and a more homogenous surface
compared to other treatment potentials. This phenomenon
may have occurred because of an ideal amount of metal ion
release, since exposing the alloy to potentials of 0.6 or
+0.8 V may have caused too little or too much ion release,
not allowing the protein film to form.

4.4 Schematic Diagram

A proposed schematic of the film formation interaction is
seen in Fig. 14 using proteinaceous electrolyte conditions
based on the findings of the present study and of Martin

Fig. 14 Proposed schematic
diagram shows the interactions
between the metal ions and the
surrounding proteinaceous
electrolyte. The chemistry and
structure of the film are
determined by such interaction
and chemical bond formed
between metal ions and
decomposed proteins
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et al. [20]. The treatment potentials were able to induce
CoCrMo corrosion in the form of pits and dissolution,
resulting in metal ion exposure at the alloy surface, which
allowed for bonding interactions to occur between the alloy
and electrolyte [20]. However, protein film formation
occurred only at potentials of 40.7 and 40.8 V. This
suggests to the explanation that metal ions released during
these two potentials were able to create in ideal conditions
for the metal ions to interact and bond with protein con-
stituents and thus allowing proteinaceous film formation on
the alloy surfaces. It is still not understood which protein
constituents are responsible for bonding interactions to take
place. Additionally, at potentials of +0.7 and +0.8 V, a
preferential dissolution of metal ions may be occurring.
This phenomenon of preferential metal dissolution occur-
ring at the various treatment potentials may influence the
amount of proteinaceous film formation on the surfaces of
the bulk alloy during the potentiostatic treatment step. The
result is the formation of a distinct proteinaceous film at
each potential.

4.5 Limitations, Future Scope, and Clinical
Application

This study evaluated electrochemically induced film for-
mation on CoCrMo alloy by varying protein concentration
and treatment potential. Orthopedic implant longevity is of
concern as in vivo corrosive processes may result in metal
ion release into the body [28, 29]. The study also has its
limitations: (1) There were only three protein concentra-
tions that were used during the experiment: 0, 15, and 30 g/
L, (2) and we only used one type of protein, albumin,
which is found in BCS, (3) treatment potentials were varied
in whole number increments; therefore, testing with
smaller increments of 4+0.05 V may further increase pre-
cision, (4) in addition, a pH of 7.6 was used, as this is
physiologically relevant. However, acidic and more basic
pHs were not studied. (5) The circuit used for the EIS test
(series 1), the inductive loops might be attributed to dif-
fusional processes, occurring at the electrochemical double

Proteinaceous film

,*  Metalion and
protein
interaction

Bulk Alloy
(metal ion surface exposure)
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layer. However, some sort of inductive characteristics can
happen during the EIS test at high anodic potential, for
instance, when pitting corrosion starts it generates a greater
amount of current that will sum to the current measured
due the small amplitude variation of potential during the
EIS measurement. (6) Conducting XPS on sample surfaces
will help characterize the adhered film deposition. (7)
Additionally, it would be of interest to conduct mechanical
testing of the samples to determine the dependence of the
integrity of film formation on treatment potential and
protein content [26, 29]. (8) The average thickness mea-
surements of the film formed should also be taken into
consideration. Further future investigations should include
the utilization of additives in the electrolytic environment
that induce tribofilm formation [18, 27].

Understanding the corrosion and wear mechanisms of
hip joint implants will guide future design and functional
needs of implants. Biological responses to metal debris are
an area of pressing concern [30, 31]. Urgent attention is
needed to deter the effects of MoM wear and corrosion
[32-34]. Therefore, it would be of interest to conduct
mechanical testing on the film samples under in vivo
conditions and to analyze some parameters (i.e., load,
contact area, contact type (conforming), and time) [35]. In
addition, the present investigation adds to the knowledge of
how proteins in the synovial fluid affect corrosion kinetics
of implants.

5 Conclusions

In this study, we attempted to understand mechanistic
aspects of carbonaceous film formation on CoCrMo alloy
and its effectiveness at clinically relevant potentials. The
following conclusions were made.

e The mechanistic study showed that the treatment
potentials induced corrosion of CoCrMo alloy in the
form of pits and/or grain boundary corrosion. This
brings some concern on the mechanical stability of the
film, particularly at subsurface level.

e An optimum level of metal ion release and the presence
of specific state of decomposed protein is required for
the film formation, indeed, this process determines the
chemistry/nature of the film

e Based on the EIS resistance and capacitance data, it
was identified that the electrochemical treatments at
+0.7 V versus SCE (or very near values) will generate
effective carbonaceous film than other treated potential.

e Although this study has shown that film formation may
be able to limit CoCrMo alloy corrosion and its
protective nature, further studies are still needed to
evaluate its tribological/tribocorrosion behavior. Other

parameters to investigate include pH levels of sur-
rounding electrolyte solutions, loading/number of
cycles during tribocorrosion testing, and other additives
to understand the role of film formation in implant
corrosion.

e Mechanical characterization is essential for the total
understanding of the performance of the generated film.
Further studies will be considered.
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