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Abstract Cobalt chromium molybdenum alloy (CoCrMo)
is widely employed in the orthopedic device industry due
to a combination of properties that include low wear, high
mechanical strength, and high corrosion resistance. How-
ever, when used as the bearing component of total hip
implants, this material can be susceptible to wear and
corrosion, which can be triggered or exacerbated by factors
such as changing pH, biological fluids and cell interactions,
particle release, and friction. The physiological fluid, which
is composed of electrolytes, proteins, and other organic
species, plays a critical role in the tribological behavior of
CoCrMo alloy. The aim of this work is to generate a pro-
teinaceous layer electrochemically and carry out nanoscale
mechanical and surface evaluation of CoCrMo to under-
stand the feasibility of a pre-treatment on this material. The
treatments consisted of electrolytes, with different protein
concentrations, and pre-selected transpassive potentials at
+0.6, +0.7 and +0.8 V and a passive potential of —0.4 V.
These observations will help in determining the electrolyte
concentration and potential combination that would yield
the most protective film layer. The results demonstrated
that all the positive transpassive potentials and electrolyte
combinations led to surface degradation processes causing
more material removal as seen by the formation of local-
ized corrosion at carbide and grain boundaries. Only the
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negative potential of —0.4 V, used by itself as a pre-
treatment and in combination with an electrolyte with 30 g/
L of bovine calf serum (BCS), demonstrated more homo-
geneous oxide layer and proteinaceous layer distribution
respectively.
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1 Introduction

Among the several metals commercially used in the design
of articulation components for hip arthroplasty, CoCrMo is
one of the most employed. This material is particularly
used in the design of components that undergo friction and
motion due to their high wear and corrosion resistance.
However, the articulating interfaces of hip implants
designed with CoCrMo may undergo a process called tri-
bocorrosion under specific conditions. During this process,
the components of the implant experience a surface
degradation phenomenon (wear, cracking, corrosion, etc.)
subjected to the combined action of mechanical loading
(friction, abrasion, erosion, etc.) and environmental corro-
sion (chemical and/or electrochemical interactions) [3, 24,
34].

Retrieval studies demonstrated that the presence of a
proteinaceous layer (also called tribolayer, mixture of
metal ions/debris and denatured protein) [26, 49] on
implant surfaces creates superior tribological and electro-
chemical properties [29, 30]. A previous study also showed
that a similar type of layer could be generated on CoCrMo
alloy electrochemically at the transpassive potential (4-0.6
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to +0.8 V); [28]. However, there is lack of information
regarding the mechanical stability of such layers.

The clinical significance of the electrochemical interac-
tions of CoCrMo surfaces with proteins and body fluids
in vivo has been for several years the focus of numerous
investigations [16-18, 22, 33, 38]. The complex in vivo
environment with electrochemical and mechanical degra-
dation mechanisms not only impacts the longevity of a
device but also the safety of patients, since wear of these
alloys can lead to hypersensitivity and pseudotumors from
ion and particle release to surrounding tissues [1, 5, 7, 15,
45]. Several studies of well-functioning MoM (metal-on-
metal) hip prostheses, in which the predominant mechanism
of degradation was minor surface fatigue, tribocorrosion,
and chemical reactions, have been reported [2, 10, 49, 50].
Moreover, the presence of corrosion and debris in these sit-
uations over a long period of time can adversely affect sur-
rounding tissues and later clinical failure of an implant such
as aseptic loosening and osteolysis [12, 42].

The composition of the spontaneous passive layer
formed on CoCrMo consist mostly of hydrated Cr- and
Co(IIl) oxides (Cr,O3, Cr(OH)3, Co(OH),), with very low
dissolution of Mo [16, 33]. The ratio of Co to Cr and the
level of hydration of the passive layer changes and depends
on potentiostatic conditions [32]. The passive layer range is
from —0.3 V to approximately +0.5 V when transpassive
oxidation begins. At more positive potentials, the current
density increases in the transpassive range and formation of
Cr(VI) species is observed and merge in the layer. Film
breakdown begins at around +0.3 V and is completely
broken down by 0.5 V [13]. It has been reported that after
anodic oxidation of CoCrMo alloys Cr(Ill) tends to be
enriched, Cr(VI) oxide is formed, Co(Il) depleted in the
oxide, and Mo-oxide (VI) formed. These observations were
obtained from experiments performed in simulated physi-
ological solutions (Hanks simulated physiological solution
and synovial fluid). Furthermore, organic molecules (pro-
teins) and salts present in physiological solutions accelerate
the corrosion process [37, 46, 48]. Thus, when CoCrMo is
exposed to the physiological environment, its passive film
changes with time through the adsorption of ions present in
the electrolyte solution. Even though there is an increase in
the thickness of the oxide film, once the transpassive
voltage has been reached, the dissolution rate of the alloy
also increases [16]. Another factor that can affect CoCrMo
in the long term is the third-body particle wear. This pro-
cess involves two articulating surfaces as well as an abra-
sive third-body particle that can aggravate the damage of
the protective oxide layer [43].

Hip joint implant is in contact with synovial fluid and
released ions from the alloy can interact with proteins and
form proteinaceous films. The serum proteins that have been
modified or degraded by the presence of metal ions and
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particle release can influence the kinetics and means of tri-
bocorrosion and the formation of carbonaceous matter [4, 30,
51]. Therefore, it is of great clinical significance to identify
how proteins from synovial fluid arrange and interact with
the surface of metal implants.

This study aims to understand corrosion processes that
may take place during the formation of a simulated tribo-
layer on CoCrMo alloy. This is accomplished by charac-
terizing the surface roughness and coefficients of friction
(COF) at nanoscale levels using AFM techniques. SEM/
EDS were also performed to characterize the composition
and structures on the surface of the alloy for different
treatments. This study aims to elucidate the role that syn-
ovial fluid has on CoCrMo when exposed to different
transpassive potentials. We attempted to reproduce a pro-
teinaceous layer using transpassive potentials of +0.6,
+0.7, and +0.8 V. In addition to these, —0.4 V was cho-
sen, which is the potentials of passive layers on the
CoCrMo alloy. Bovine calf serum (BCS) was used as
alternative medium for synovial fluid. Three different
electrolytes with varying protein concentrations (0, 15, and
30 g/l BCS) were used. Studying the morphology of the
passive film and how protein deposition takes place under
different anodic and cathodic potential treatments can
elucidate the feasibility of using this carbonaceous layer as
a pre-treatment method for hip implant.

2 Experimental Section
2.1 Samples

In this study, seven CoCrMo samples with electrochemi-
cally generated films (12 x 3 mm) were used. The com-
position of the disk samples is shown in Table 1.

The electrolyte used was bovine calf serum (BCS),
which was diluted to a few protein concentrations using a
buffered basic solution. 10 mL of surrounding electrolyte
was used and electrochemical tests were conducted at
37 °C. Table 2 describes the composition of the electrolyte
formulated.

The composition of the protein (serum-based solution) is
albumin, gamma globulin, transferrin, and fibrinogen, with
albumin as the major constituent.

Each of the voltages and their respective electrolyte
protein concentrations used are listed in Table 3.

2.2 Methodology
2.2.1 Electrochemical Treatment of CoCrMo Samples

CoCrMo alloy samples electrochemically treated were
used for the AFM study. Electrochemical treatment was
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Table 1 Wrought high carbon

(HC) CoCrMo alloy chemical Carbon

Cobalt

Chromium

Molybdenum Silicon Aluminum Manganese

composition (wWt%) 0.03 64.9 27.5

5.7 0.38 <0.02 0.60

(HC) CoCrMo alloy ASTM™ F75 supplied by Alvac Incorporated

Table 2 Composition of electrolyte (BCS)

Composition of Bovine calf serum (BCS) electrolyte

NaCl (g/L) EDTA (g/L) Tris (g/L) Protein (g/L)

9 0.2 27 30

Table 3 Summary of CoCrMo alloy samples prepared for the study

Sample Voltage (V) Electrolyte protein

Al Untreated concentration (BCS g/L)
B1 +0.7 0

B2 +0.7 15

B3 +0.7 30

Cl1 +0.8 30

D1 +0.6 30

El -0.4 0

E2 -0.4 30

done on 21 CoCrMo alloy disks (12 mm x 3 mm) that
were supplied by Alvac Incorporated, using n = 3 for each
of the treatment conditions (potential treatment and elec-
trolyte). Wrought high carbon (HC) CoCrMo alloy was
prepared using ASTM standards [ASTM F75 1998], in
which the polishing procedure consisted of steps between
250 and 800 grit paper and 6 and 1 um polishing cloths for
CoCrMo surfaces (average roughness, R, < 15 nm).

A custom-built 3-electrode electrochemical corrosion
cell was used for all electrochemical testing. In the treat-
ment process, the working electrode (WE) consisted of
CoCrMo disks (exposed area of 0.38 cm2), a saturated
calomel electrode (SCE) was used as the reference elec-
trode (RE), and a graphite rod as the counter electrode
(CE).

The first parameter was the specific potential treatment.
The potential was selected based on the potentiodynamic
curves of CoCrMo in BCS, as shown in Fig. 1. The
selected potentials were from either the passive potential
(—=0.4 V vs SCE) or the transpassive potential region
(+0.6, +0.7, and 4+0.8 V vs SCE) [28]. The second
parameter was the protein concentration of the surrounding
electrolyte within the electrochemical cell. Concentrations
included: 0, 15, and 30 g/L of protein. Specifically, for this
study, the transpassive potentials used with their respective
protein content of BCS were as follows: +0.6 V (30 g/L),
+0.7 V (0, 15, and 30 g/L), +0.8 V (30 g/L), and —0.4 V

PD Comparisons

____________________ Transpassive
potentials

0.0

Electrode Potential (V) (E Vs.SCE)

1€-9 1€-8 1€-7 1€-6 1€-5 1€-4 1€-3 0.01 0.1
Current (uA/cm’)

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

(0 and 30 g/L). The highest electrolyte concentration of
BCS protein content was 30 g/L, which is the concentra-
tion of protein found in vivo during inflammatory
conditions.

The electrochemical treatment protocol was performed
following the steps: (1) open-circuit potential to determine
all wire connections were accurate; (2) potentiostatic
measurements were conducted at -0.9 V to ensure the alloy
surface was properly cleaned (cleaning phase); (3) open-
circuit potential to monitor the potential after cleaning; (4)
electrochemical impedance spectroscopy (EIS) to deter-
mine the surface characteristics of the alloy (outputs are
Nyquist and Bode plots); (5) potentiostatic polarization at
+0.6 V (30 g/L), +0.7 V (0, 15, and 30 g/L), +0.8 V
(30 g/L), —0.4 V (0 and 30 g/L); (6) open-circuit potential
in order to determine the stabilizing potential after the
treatment step was performed and also to compare to the
potential obtained in Step 3. The electrochemical cell was
maintained at 37 °C for one hour, during all electrochem-
ical treatments.

2.2.2 Nano-mechanical and Morphological Analysis
of CoCrMo Samples

After the electrochemical treatment, high-resolution 3D
size and shape characterization mapping and roughness
data of CoCrMo samples were obtained using an atomic
force microscope (AFM Bioscope Catalyst™, Bruker™,
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CA). For each treatment, two different areas were ana-
lyzed, the center and edges, and from each area, two sec-
tions were evaluated (n = 2). These experiments were
executed on PeakForce tapping™ mode with the quanti-
tative nanomechanics method (QNM™) in air for material
property mapping, which besides morphological features
enables quantitative measurement of nanoscale material
properties. Roughness average “R,” of asperities on
CoCrMo samples was evaluated over areas ranging from 5
to 15 um. This was the technique of choice because it
dramatically exceeds the capabilities of any other tech-
nique. It also allowed for higher resolution topography
images, keeping indentations small, and eliminating lateral
forces, which preserved both the tip and the sample. Offline
analysis functions calculated statistics of the mechanical
properties of different areas through the data to show the
spatial allocation of properties. Data acquisition and image
processing were obtained using NanoScope® software.

2.2.3 Nanoscale Evaluation of Coefficient of Friction
(COF) of CoCrMo Samples

The coefficient of friction (COF), at the nanoscale level, of
CoCrMo samples was obtained using AFM in contact
mode imaging with lateral force microscopy (LFM). The
AFM probe was in contact with the surface to be scanned
and the friction between the sample and the tip resulted in a
detected voltage [14, 19, 25]. From this voltage, frictional
properties of the CoCrMo alloy could be calculated [44].
The scanning was done perpendicular to the long axis of
the cantilever using a sharp nitride lever (SNL-10). A probe
made out of silicon nitride with a nominal spring constant
(k = 0.35 N/m) and a nominal frequency (f = 65 kHz).
The friction voltage signal (half of the difference between
trace and retrace signals) was converted to units of force
and respective calibration using the methodology proposed
by Kulik and Lekka [23]. Coefficients of friction were
calculated over scanned areas of 1 um on different loca-
tions (n = 2). The data were analyzed using Bearing
Analysis (NanoScope® Software function used to perform
statistical analysis of the data). Due to the high wear rate of
the tips while in contact mode, which was necessary to
perform friction scanning, smaller scan areas were used for
frictional experiments. Some factors that accelerated the
wear of the tips in our experiment included adhesion forces
from the BCS (Bovine Calf Serum), degree of corrosion
present on the surface, and sample inhomogeneity.

2.2.4 Energy-dispersive X-ray Analysis
Energy-dispersive X-ray spectrometry (EDS) analysis was

used to evaluate the elemental compositions of CoCrMo
alloy surfaces and to confirm the presence of organic
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material and/or corrosion effects following different elec-
trochemical treatments. Proteins primarily consist of car-
bon, nitrogen, hydrogen, and oxygen. Nitrogen compounds
can be detected using EDS with a peak that is typically
observed near 0.39 keV, which can be attributed to the
presence of protein on the sample surfaces. An EVO™-
SEM LSI15 (Zeiss™, Germany) equipped with an EDS
(IXRF systems, Inc. Austin, TX) and built-in software was
used to capture EDS spectra of the different CoCrMo alloy
samples’ surface after each electrochemical treatment
between 0 and 10 keV.

3 Results

Topology characterization of different samples, treated
either with anodic oxidation or cathodic reduction, was
carried out to investigate the distribution and features of the
tribolayer we attempted to simulate. The surface of these
pre-treated disks was compared with the surface of a
CoCrMo control sample (not subjected to electrochemical
treatment). The treatments can be divided into two differ-
ent categories: (a) disks pre-treated with anodic oxidations
(transpassive potentials: +0.6, +0.7, and 4-0.8 V vs SCE)
with different electrolyte concentrations (0, 15, and 30 g/L
of BCS) and (b) disks pre-treated at passive potential of
—0.4 V versus SCE in the presence of electrolyte solutions
of 0 g/LL BCS and 30 g/L. BCS. This was done in order to
compare the differences among tribolayer morphologies
with passivation potentials and the start of depassivation-
transpassive states. To better evaluate effects of the dif-
ferent treatments, the results are presented in two sections:
(a) surface morphology and roughness and (b) coefficients
of friction (COF). Each characterization provided different
corrosion features that depended on protein deposits
formed on the substrate from each type of treatment.

3.1 Surface Morphology and Roughness

The roughness was compared among all the samples that
were treated with anodic and passive potentials (Fig. 2): Bl
(+0.7V, 0 g/lL BCS), B2 (+0.7V, 15 g/L BCS), B3
(+0.7 V, 30 g/L BCS), C1 (+0.8 V, 30 g/L BCS), D1
(+0.6 V, 30 g/l BCS), E1 (—0.4 V, 0 g/L BCS), and E2
(—0.4 V, 30 g/L BCS). From the results, it was not pos-
sible to establish a clear pattern primarily because of the
great variability and inhomogeneity across samples. This
variability is observed in detail on the individual topo-
graphic images to follow for the different samples
evaluated.

The respective calculated roughness (R,) and the aver-
age maximum (R,.x), which is the vertical distance
between the highest and lowest data points on the image
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120.0

100.0

Roughness (nm)

20.0

Fig. 2

80.0

60.0

40.0

0.0

B1 B2 B3 c1 D1 E1 E2

Surface roughness obtained by AFM. Scans and values were

obtained from the central area in each sample. Samples: B1 (+0.7 V,
0 g/L BCS), B2 (0.7 V, 15 g/L BCS), B3 (40.7 V, 30 g/L BCS),
C1 (+0.8 V, 30 g/L BCS), D1 (+0.6 V, 30 g/L BCS), E1 (-04 V,
0 g/L BCS), and E2 (—0.4 V, 30 g/L BCS)

following the plane-fit for each sample, are tabulated in
Table 4, for each sample with their respective COF.

(@)

(b)

Table 4 Electrochemical

Sample Bl (+0.7 V, 0 g/ BCS) This high voltage
applied caused aggressive oxidation on the surface
of the CoCrMo disk as shown in the features of
Fig. 3. The morphological maps were obtained by
scanning areas (n = 2) of 5.5 um in Fig. 3a, b,
which are the 2D and 3D images. To generate the
images shown in Fig. 3c, d, the scanning area was
15 pm in 2D and 3D. For sample B1, the depths of
the basins ranged from 30 to 550 nm and their
diameters ranged from 100 nm to 3.95 pm.

Sample B2 (0.7 V, 15 g/L BCS) Using 15 g/L of
BCS as the electrolyte resulted in inhomogeneous
protein deposition with localized corrosion features
around carbide and grain boundaries. There were
regions with excessive buildup of protein concen-
trated in particular areas, especially around the
corroded zones (Fig. 4). This treatment produced

(©)

(d)

localized corrosion and grooves or basins of mixed
carbides and carbonaceous material due to the
presence of proteins in the BCS. The roughness for
this sample (B2) was 69.3 nm.

The diameters of the basins ranged from 783.72 nm to
2.03 pm. The protein agglomerates size ranged from 1
to 7.5 um in diameter with heights from 25 to 100 nm.
Sample B3 (40.7 'V, 30 g/L BCS) From Fig. 5,
protein deposition was observed with similar distri-
butions on the center and border sections, displaying
some slight depressions. The surface morphology
was similar to the one observed for sample B2. The
roughness for this sample (B3) was 20.5 nm, which
is more than half of the one observed for sample B2
(+0.7 V, 15 g/L BCS). The only difference in
treatments between samples B2 and B3 was the
protein concentration used in the electrolyte. From
the roughness profiles, it was observed that B3 got
denser film deposition than B2. Basins were
observed and their size reached up to 3.76 pm in
diameter (Fig. 4b, f). The protein agglomerates for
sample B3 increased by a factor of almost 3 when
compared with sample B2 with sizes ranging from
710 nm to 2.75 pm in diameter.

Samples C1 (+0.8 V, 30 g/L BCS) and DI (+0.6 V,
30 g/L BCS) These two samples were treated with
different voltages but with the same electrolyte
concentration (30 g/L BCS). The samples displayed
similar patterns with a few distinctive features.
Sample C1 was treated with a voltage of +0.8 V
(Fig. 6a, b, e, and f). The protein was densely packed
on the surface of this sample resulting in a roughness
of 13.6 nm. Most of the surface was covered with
protein in a particularly inhomogeneous manner with
heights varying between 40 nm and 1.1 um. The
diameter of the agglomerates ranged from 540 nm to
8.64 um. There were also a few basins with sizes up
to 6.62 pm in diameter and 254 nm in depth. Even

. . a b C
treatment conditions used and Sample Voltage Protein concentration R, (nm) Rpax (nm) COF® (1)
their respective roughness Bl +0.7 0 6.8 14.4 0.072
values ' ' ' '

B2 +0.7 15 69.3 117.0 0.011

B3 +0.7 30 20.5 46.9 0.135

Cl +0.8 30 13.6 17.9 0.005

DI +0.6 30 16.0 22.6 0.008

El -04 0 2.8 5.88 0.004

E2 -04 30 4.5 6.99 0.007

? Roughness average from 15 pum of the central area

° Maximum vertical distance between the highest and lowest data points in the image following the plane-

fit
¢ Coefficient of friction
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Height  15um R c 0.0 Height  15um

Fig. 3 Atomic force microscopy (AFM) scanning images of CoCrMo-treated electrochemically with +0.7 V and 0 g/L of BCS (sample B1). (a,
b) Scanning area used 5.5 pm. (¢, d) Scanning area used 15 pm

5\ 55 50 27510.012.515um (9)

Fig. 4 Atomic force microscopy (AFM) 2D and 3D scanning images of CoCrMo-treated electrochemically with +0.7 V and 15 g/ of BCS
(Sample B2). a, c, e, g Scanning area used 5.5 pm. b, d, f, h Scanning area used 15 pm

s

(c)

0.0

Heigth 15um

Heigth

157.4nm, 251_3nmi
42.6nm

Fig. 5 Atomic force microscopy (AFM) 2D and 3D scanning images of CoCrMo alloy-treated electrochemically with +0.7 V and 30 g/L of
BCS (Sample B3). a, c, e, g Scanning area used 5.5 pm. b, d, f, h Scanning area used 15 um

though there were fewer basins most of them Sample D1 was treated electrochemically with a
exhibited broad diameters and significant depths, lower voltage of +0.6 V and 30 g/L. BCS. Figure 6c,
when compared to the other transpassive potential d, g, and h displayed more patches of protein and
treatments used for this study. basins wide-ranging in size and depth than sample

@ Springer
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15pum

_100.8nm+
12.6nm
/\_.15[1“1 o
<125 Sum a™-
0.0 30N

Fig. 6 Atomic force microscopy (AFM) 2D and 3D scanning images.
a, b, e, f correspond to sample Cl-treated electrochemically with
+0.8 V, 30 g/L BCS (Sample C-1), and ¢, d, g, h correspond to

C1. The surface of sample D1 had protein agglom-
erates of up to 3.61 um in diameter and basins with
dimensions of about 2.34 pum in diameter and 60 nm
in depth.

(e) Samples EI (-0.4V, 0 g/L BCS) and E2 (-0.4V,
30 g/L BCS) Sample El1 (Fig. 7a, b, e, and f) was
subjected to a negative potential in the presence of
an electrolyte devoid of any protein. The AFM
topographical images showed an uniform oxide layer
throughout the entire surface (edges and center of
alloy). This sample did not display corrosion features
only some polishing marks and artifacts from dust
particles (white spots) were detected. The average
roughness was 2.8 nm.

Sample E2 (Fig. 7c, d, g, and h) was treated with the

same voltage as sample E1 but in the presence of an
electrolyte containing 30 g/L of BCS. As seen from
its 3D topographic mapping, there was a thin protein
layer formation on the surface of the sample. The
layer showed inhomogeneous spots not completely
covering the surface. In Fig. 7c, d, there is visible
scratching but no evidence of localized corrosion on
the surface. The protein deposition was concentrated
around the grain boundaries, carbide boundaries, and
defects.

The protein layer formed in some areas created
agglomerates with average height values of 8§ nm and a
maximum height of 18 nm. Protein did not tend to
agglomerate or deposit on areas that had defects or pol-
ishing marks as it happened on the samples treated with
anodic potentials and electrolytes containing BCS. The

0.0 Heigth 15um 0.0 Heigth 15um

sample DIl-treated electrochemically with +0.6 V, 30 g/L BCS
(Sample D1). a, ¢, e, g Scanning area used 5.5 pm. b, d, f, h Scanning
area used 15 pm

roughness was about 4.52 nm, which was slightly higher
than the roughness obtained for sample E1 (—0.4 V with-
out protein in the electrolyte).

3.2 Coefficient of Friction (COF)

The relationship between electrochemical treatment and
COF can be observed in Fig. 8.

(a) Anodic treatment samples B1 (+0.7 V, 0 g/L BCS),
B2 (+0.7 V, 15 g/ BCS), B3 (4+0.7 V, 30 g/L
BCS), C1 (+0.8 V, 30 g/LL BCS), and D1 (+0.6 V,
30 g/L BCS).

Samples treated with anodic potentials (4+0.6 V,
+0.7 V, 40.8 V) and in the presence of protein
exhibited significant protein aggregation showed
lower COF than the control Al (no electrochemical
treatment).

Sample B2 (15 g/L BCS) formed basins of high-
viscosity material leading to low COF, acting as a
lubricant in some areas. COFs ranged from
9.8 x 1072 to 1.22 x 1072 with a mean value of
1.1 x 1072, The average value for the COF in
sample B3 was 0.135. This value was higher than the
one for B2, for which protein concentration was
lower. For C1, the average COF was 4.8 x 1073 and
values fluctuated between 4.54 x 107> and
5 x 107 among the different sections where COF
was measured on this particular sample center and
border, respectively. However, the C1 mean average
was smaller than B3 and D1, which had equivalent
electrolyte concentrations to C1 (30 g/L BCS), with

@ Springer



15 Page 8 of 13

J Bio Tribo Corros (2016) 2:15

15um

Height 15.0 pm 0.0

0.0

Heigth 15um

Height 50um 0.0 Height 15.0 ym

Fig. 7 Atomic force microscopy (AFM) 2D and 3D scanning images
of CoCrMo sample-treated electrochemically with a, b, e, f —0.4 V,
0 g/L BCS, and ¢, d, g, h sample-treated electrochemically with

C1 having the highest anodic potential of 0.8 V
used in this study. Sample D1-treated electrochem-
ically at +0.6 V, 30 g/L BCS had an average COF
of 7.82 x 107°

(b) Treated samples at Passive potentials E1 (—0.4 V,
0 g/LL BCS) and E2 (—0.4 V, 30 g/L BCS): The
passive potential of —0.4 V in the presence of BCS
developed in a much lower COF (6.61 x 1072) in
comparison to the control Al (2.85 x 107%) with
values ranging from 8 x 107> to 5.2 x 107°. Sam-
ple El treated with a negative potential of —0.4 V
and with no protein present in the electrolyte

@ Springer

—0.4 V, 30 g/lL BCS. a, c, e, g Scanning area used 5.5 pm. b, d, f,
h Scanning area used 15 um

produced a more homogeneous friction coefficient
than any of the other treatments investigated, which
was also lower than the COF of Al. The average
COF for E1 was 4.3 x 107> and it was mostly
constant throughout all the surface (border and
center).

3.3 EDS Analysis

Although minor alloying elements have at most 1 % by
weight in the alloy, for simplicity only cobalt, chromium,
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0.250

0.200

0.150 +

0.100

0.050

Coefficient of friction, u

0.000 : —+— f =as B
Al B1 B2 B3 C1 D1 E1 E2

Electrochemical treatments

Fig. 8 Coefficient of friction (COF) (p) for different electrochemical
treatments with their respective variability values. Al (control), Bl
(+0.7 V, 0 g/L BCS), B2 (+-0.7 V, 15 g/L BCS), B3 (+0.7 V, 30 g/L
BCS), C1 (+0.8 V, 30 g/L BCS), D1 (4+0.6 V, 30 g/L BCS), El
(=0.4 V, 0 g/L), and E2 (—0.4 V, 30 g/L)

molybdenum, carbon, and nitrogen were quantified.
Table 5 represents the EDS scans of CoCrMo alloy sam-
ples’ surface with different electrochemical treatments.
Nitrogen was detected using EDS and it is a good indicator
of organic material present on the alloy surfaces. Addi-
tionally the carbon peak increased significantly on the
samples that contained BCS in their electrolyte. There was
a consistent decrease in the amount of cobalt content as the
potential changed rom cathodic to anodic toward the
transpassive potentials.

4 Discussion

This study evaluated surface properties of the electro-
chemically treated CoCrMo alloy, more specifically the
stability of the film formation, as a function of protein
content and transpassive potentials. Evaluation of nano-
mechanical properties and morphological mapping of
CoCrMo surfaces subjected to different electrochemical
treatments illustrated the effect of distribution and protein
accumulation in the presence of anodic and cathodic
potentials.

4.1 General Aspects of the Role of Protein
and Corrosion Damage at Transpassive
Potential on the Treated Surface

Samples treated with anodic potentials displayed localized
corrosion regardless the concentration of BCS in the
electrolyte as observed from the EDS analysis. Most of the
basins formed in the matrix were confined to what it
appears to be carbide clusters, grain boundaries, and/or
surface defects such as polishing marks. Two possible
mechanisms can be accounted for these features: (1) the
surrounding areas of carbides are open to localize attack by
leaching chromium away from the matrix [36] when
exposed to these transpassive anodic potentials. (2) Pro-
teins interact with molybdenum and chromium ions creat-
ing chemical bonds, thus depleting the matrix from these
corrosion-resistant elements [28]. Furthermore, the accu-
mulation of protein on the surface depletes the surround-
ings from oxygen compromising the stability of the passive
film causing localized corrosion [38].

4.2 Surface Properties of the Treated Surface
at Transpassive Potential with Varying Protein
Content

Sample B1 (+0.7 V, 0 g/L BCS) had the highest coeffi-
cient of friction (COF) among all the other treatments
regardless of their electrolyte concentration. This treatment
triggered nucleation and growth of grain boundaries. The
COF for B1 oscillated significantly with values ranging
from 9 x 107 to 1.34 x 10~". This oscillation in COF
was due to the small scan area sizes (1 wm) that had to be
used during COF experiments. The fluctuations on values
could be attributed to the cantilever being in contact with
only one type of surface most of the time through each
scanned section. So either asperities (carbide areas) or
smooth areas, which were still covered with undamaged
oxide layer, generated high or low COF, respectively. The
roughness value of B1 was the lowest among all the anodic
treatments despite not having any protein in the electrolyte.
This treatment could still have parts of the oxide layer that

Table 5 Representative
chemical analysis from
electron-dispersive X-ray

Sample (voltage/electrolyte concentration)

Weight percentage %

spectroscopy (EDS)

C N Mo Co Cr
El (—0.4 V, 0 g/L BCS) 0.13 0.01 10.50 61.09 28.27
E2 (—0.4 V, 30 g/L BCS) 2.78 1.42 9.10 61.93 24.78
B1 (+0.7 V, 0 g/L BCS) 1.34 0.10 11.71 59.00 27.86
B2 (+0.7 V, 15 g/L BCS) 3.04 1.51 14.90 54.21 26.35
B3 (+0.7 V, 30 g/L BCS) 2.31 1.70 14.32 54.70 26.97
D1 (4+0.6 V, 30 g/L BCS) 7.20 1.99 16.30 42.83 31.69
C1 (+0.8 V, 30 g/L BCS) 34.67 7.61 13.99 21.23 22.51
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are contributing to the lower roughness values. Neverthe-
less, B1 roughness was still three times higher than El
(=04, 0 g/L BCS), which surface was covered with an
intact oxide layer. Similar to sample B2 was sample B3
(+0.7 V, 30 g/L), which displayed lower COF due to the
presence of the protein that acted as a lubricant on certain
areas. The COF values for these two treatments decreased
by 85 and 67 %, respectively, when compared to the
control without any treatment.

Sample B3 did not yield denser or more homogeneous
surface coverage, despite having double the protein con-
centration in the electrolyte but same anodic potential of
+0.7 V as B2. From EDS analysis, high concentrations of
nitrogen and increased carbon content on the surface of this
sample were observed indicating protein deposition and the
formation of a proteinaceous layer. When proteins form
chemical bonds with the metal ions around the carbide
boundaries or grain boundaries, protein deposition takes
place [28], restricting the diffusion of oxygen into the basin
structures [41]. As oxygen is depleted, release of metal ions
from the surface create a net positive charge inside these
cavities, ensuing in an influx of chloride ions, present in the
electrolyte, to maintain the charge balance [21]. Sample B3
had not only the largest COF but also the major variability
among all samples as evident from the scatter bars. This is
due to experimental limitations while performing lateral
force microscopy (LFM). Only small areas of 1 um were
investigated to determine the COF in order to reduce the
error introduced by the high wear and deformation that
probe tips undergo while on raster mode [31].

The protein agglomerates acted as lubricant patches [27]
in some areas yielding COF values as low as 0.025. The
regular debris that formed due to the electrochemical
treatment could further increase the COFs on the carbide
areas explaining some of the high COF values observed for
B3.

4.3 Surface Properties of the Treated Surface
at Transpassive Potential (+0.6 and +0.8)
at 30 g/L Protein Content

As the potential was increased from +0.6 to +0.8 V, while
keeping constant the electrolyte concentration (30 g/L
BCS), the protein coverage increased due to the presence
of more free positive metal ions that could be bound to the
negatively charged proteins. Sample C1 (4-0.8 V, 30 g/L
BCS) achieved the largest basin diameters among all the
samples with values up to 6.62 um that possibly resulted
from a mixture of carbides and proteinaceous materials.
This suggests that protein in the electrolyte solution plays a
role in accelerating the corrosion process when combined
with a high transpassive potential as indicated by the
increase in nitrogen and the decrease in cobalt content on
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these samples from the EDS analysis. The suggested
mechanism of corrosion is through protein and metal ion
interaction in which proteins take up chromium and
molybdenum away from the matrix depriving it of these
highly corrosion-resistant elements accelerating the corro-
sion process [6, 36, 39]. These two types of treatments at
+0.6 and +0.8 V may lead to metal dissolution causing
adverse physiological effects as previously described. This
metal dissolution was observed from EDS analysis by
observing the decrease on cobalt content from the surface.
The roughness values in sample C1 are comparable with
B3, but no significant correlation could be established
between roughness and their corresponding COF. Although
+0.8 V potential outcomes in a proteinaceous layer, sig-
nificant grain and carbide boundary corrosion resulted of
the increased potential are not a viable potential treatment.

Sample D1 (4+0.6 V, 30 g/ BCS) had protein aggre-
gates that were more confined onto areas that have been
corroded such as the edges of carbides and grain bound-
aries. From the values recorded for protein film thickness,
protein adsorption was not restricted to a monolayer since
the protein concentration for all the treatments exceeded
10 g/ BCS, which is the upper limit for monolayer
deposition [16-18, 20]. The lower COF values for both
samples C1 and D1 when compared with Al (control)
confirmed the lubrication effect of BCS on those areas.
Both C1 and D1 COFs were slightly higher than sample
E1, which surface was treated with —0.4 V without protein
in the electrolyte. This indicates that the corrosion caused
by the transpassive potential and the presence of protein
influenced their respective COFs.

4.4 Surface Properties of the Treated Surface
at Passive Potential with and Without Protein
Content

Sample El1 (—-0.4 V, 0 g/L BCS) roughness and COF
results corroborates the fact that the passive oxide layer
formed with this negative potential imparts lubrication
characteristics to the substrate and will provide stability to
the alloy by resisting the thermodynamic tendency to
rapidly dissolve [28, 52].

The protein layer on sample E2 (—0.4 V, 30 g/L BCS)
had a more even distribution of protein than any other
treatment that contained BCS in its electrolyte. There was
no agglomeration in this particular sample, except there
were some areas without coverage. Also this sample dis-
played a COF above the value measured for E1 (—0.4 V,
0 g/L). This is probably due to damage of the oxide layer
caused by the presence of BCS on some areas. The average
COF for El ranged from 8 x 103 t0 5.2 x 10_3, where
the higher values could be related to the initial breakdown
of the oxide layer. The initial dissolution of the oxide layer
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was observed by the decrease in chromium from the EDS
analysis, which makes most of the oxide layer of this alloy
as Cr,03. This small degree of corrosion was probably
initiated by the BCS layer on the surface of the sample,
which led to deactivation, crystallization [9] or dissolution
of the thin oxide layer through ion interactions and protein
degradation. The process of adsorption of proteins onto
surfaces of the metal could have also limited the diffusion
of oxygen to certain areas on the surface creating oxygen-
deficient regions and breakdown of the passive layer, thus
initiating corrosion at a small scale. Further studies are
required on the specific corrosion kinetics and to determine
the beneficial effect of the electrochemically generated
tribolayer.

4.5 The Role of Protein Content on Surface Damage
and Friction Coefficient Evolution During
the Film Formation: Possible Mechanisms

The protein aggregation observed on all the transpassive
potentials (4+0.6, 4-0.7, and +0.8 V) allowed pre-eminent
areas of corrosion, which would lead to metal dissolution.
From Fig. 8, it can be acknowledged that there was a
benefit to having a BCS layer, which reduced the COF in
most cases. The smooth surface from the oxide layer in
sample E1 acted as a protective barrier, thus significantly
reducing all other forms of corrosion. However, passive
films could easily be removed under tribological events
exposing the bulk material, which has low lubrication
properties.

The —0.4 V sample in 30 g/L protein content did not
display any grain boundary corrosion on the surface after
treatment. Making this electrochemical treatment, the most
optimal out of all the others used in this study. However,
aggregation of proteins was observed for all the anodic
electrochemical treatments with BCS in their electrolyte;
around the carbide, grain boundaries, and defects. This
aggregation may start occurring even at the beginning of
film deposition when proteins bind to the metal ions
forming a protein-metal complex. This process increases
the removal of ions during the electrochemical treatment
consequently depleting the matrix even more from corro-
sion protective elements such as chromium and molybde-
num. Remarkably, the coefficients of friction decreased
only where the presence of the simulated tribolayer was
observed.

A relationship between roughness values and COF could
not be established in this study. Previous studies using
AFM and proteins have not found a correlation either
between surface roughness and COF [35]. This holds true
whenever there is a strong influence of localized variations
in the material properties as seen in the inhomogeneous

distribution of surfaces asperities. A correlation could
possibly exist if larger surface areas were studied.

These results corroborate studies previously conducted
by Mathew [29] where tribocorrosion wear testing showed
how proteins affect materials degradation and dissolution.
It is also well known that most proteins in the physiological
fluids absorb on charged surfaces due to electrostatic
attraction between the surface and opposite-charged func-
tional groups along polypeptide chain of protein molecules
[20, 27]. Consequently, protein agglomerates were pre-
dominately seen at grain and/or carbide boundaries, which
are either enriched or depleted of one of the alloying ele-
ments, initiating intergranular corrosion [8, 47]. Although
carbides themselves are quite corrosion resistant, the
regions around carbides can be depleted of chromium.
These areas may not have enough chromium to resist
oxidation [11, 36]. Moreover, this corrosion and protein-
ion interaction gives rise to the proteinaceous layer that has
been observed on hip implant retrievals [29]. Also, it is
believed that proteins adsorb to the metal surface creating a
solid lubricating surface layer [40]. This observation was
confirmed in this study by the lower COF obtained when
the substrates were treated with anodic potentials and an
electrolyte containing BCS. The presence of proteinaceous
material on the CoCrMo surface could improve surface
separation between the MoM bearing surfaces and thus
minimizes wear-corrosion rates.

4.6 Clinical Significance of the Study

This study deals with the nanoscale surface morphology
and characterization of the electrochemical treated film,
which is simulating the tribolayer observed on the retrieved
implant surfaces. The clinical relevance of this study is that
the simulated tribolayer could provide boundary lubrica-
tion within the joint and reduce friction as observed from
the low COF. Although this tribolayer formation on
CoCrMo alloy spreads throughout the surface, it is not
homogeneous it could cause further dissolution of the
metal in vivo at localized areas [52]. Additionally third-
body particles generated from the articulating surfaces of
MoM joints can cause deep grooves where hard asperities
(the carbides) make contact with their opposite surface
[43], which could also lead to the release of more metal
ions and wear debris. Conversely spreading of the protein
in the presence of frictional motion could smooth the sur-
face and add protection to the rest of the areas that were not
covered initially by protein during the electrochemical
treatments. However, the nano-crystal layer, which is ini-
tially mechanically mixed with the carbonaceous material
[50, 51] could be destroyed by frictional forces. It is
worthwhile to state that the reported study only addresses
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the nano-mechanical properties of the artificially generated
tribolayer through electrochemical treatment. Hence, fur-
ther studies are required to evaluate the effectiveness of the
electrochemically generated tribolayer for the biomedical
implant application and how micro-/nanoscale wear can
impact the performance of the tribolayer. We are consid-
ering to test this simulated tribolayers in hip simulator,
where the spreading of the protein during in vivo cyclic
mechanical loading is tested (tribocorrosion simulations).
In addition, simulation of cyclic forces that deliver
homogeneous distributions of the protein will help in the
formation of well-developed tribolayer on the articulating
implant surfaces. Further research also required to under-
stand the specific corrosion kinetics of the treated surfaces
in in vivo conditions and if there is subsequent metal ion
release or hindrance to the surrounding environment.

5 Conclusions

The surfaces properties of the treated surfaces are largely
influenced by the protein content and exposed potentials.
The treated surfaces at transpassive potential displayed
higher level of protein deposition as the anodic potentials
increased but at the same time more inhomogeneity on its
distribution. For samples subjected to transpassive poten-
tials, although the presence of tribolayer was evident, a
clear pattern on protein deposition and distribution could
not be identified. Remarkably, the coefficients of friction
decreased only where the presence of tribolayer is
increased for all the electrochemical treatments used. A
relationship between roughness values and COF could not
be established in this study. Mostly due to the small areas
that were selected for the COF studies. Future studies are
required to test the effect of proteinaceous layer during a
simulated micro-abrasion-corrosion (tribocorrosion) pro-
cess to evaluate if the tribolayer formed could impede the
charge transfer hence reducing metal dissolution. These
investigations would aid in the developing of an innovative
surface treatment for implant surfaces that will not cause
allergic reactions and cytotoxicity to the surrounded tissues
in a patient due to the release of metal ions, which is a
major clinical concern in the orthopedic community.
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