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Abstract

While the CoCrMo biomaterial is currently employed in artificial joints, there are
medical concerns regarding its metal ion release and material loss caused by
tribocorrosion. In this work, a TIAIVCN/CNx multilayer coating has been employed to
improve the tribocorrosion-resistance of the CoCrMo substrate. During the
tribocorrosion test, with the sample immersed in a simulated body fluid containing
bovine serum albumin, open-circuit potential measurements showed more noble
potential as well as a reduction of both the friction coefficient and wear-rate during
the sliding phase. Inductive coupled plasma results demonstrate that the multilayer

coating effectively blocked the emigration of metallic ions.

Key words: Tribocorrosion, CoCrMo, TIAIVCN/CNx multilayer, simulated body fluid,
bovine serum albumin.

1. Introduction

CoCrMo wrought grade implant alloys are widely employed in the manufacture of
prostheses for hip and knee joints due to their biocompatibility and their superior
mechanical properties such as: high elastic modulus, high tensile strength, high wear

resistance and high corrosion resistance. The main drawbacks and medical
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concerns regarding the use of such alloys include both the decreased
biocompatibility due to the release of metal ions in the body [1-4] and the material
loss caused by tribocorrosion (combined effect of wear and corrosion) [5].

Most of the time, joint prostheses perform under simultaneous loading, relative
movement, wear and corrosive conditions. Tribocorrosion, defined as the conjoint
action of any mechanical wear under load and corrosive attack of the material
surface [6], has been shown to shorten the life of prostheses. Moreover, corrosion
during reciprocating movement is accelerated by the synergistic effect of the wear
[7]. This phenomenon is highly relevant to the field of biomedical joint implants in
general, and specifically to hip and knee joints [7, 8]. The damage is restricted mostly
to the local movement site, while the generated debris act as abrasive particles. The
presence of body fluids represents an additional environmental cause of corrosion at
the joint prostheses interface [9]. The natural physiological environment contains not
only inorganic species but also organic molecules such as serum proteins. Bovine
serum albumin (BSA) is of particular interest when studying the biocompatibility of
metal implants and is considered an adequate model protein for human serum
albumin (HSA). Valero et al., reported that the corrosion rate of CoCrMo is very
sensitive to the amount of BSA and thereby it influences the mechanics and kinetics
of the corrosion reaction on the material surface [10]. Furthermore, several
electrochemical studies have shown that the constituents of bovine serum have an
influence on the corrosion behavior of CoCrMo, for example it has shown that the
albumin acts as a cathodic inhibitor and it accelerates the anodic reaction in solution
[9-12]. Thus adding BSA to the simulated body fluid (SBF) implies an adequate
experimental medium for the corrosion and tribocorrosion test of the present work.

The application of coatings may improve the corrosion and tribocorrosion
properties of CoCrMo alloys. DLC (diamond like carbon) and CNx carbon nitride
monolayer coatings are currently being studied as candidates for the coating of
CoCrMo biomedical alloys because of their superior mechanical properties such as
high hardness, and high wear resistance coupled with excellent biocompatibility [13].
But DLC coatings have shown a sudden failure of layers whose interfaces are too
weak with respect to the stress-corrosion cracking mechanism [14]. Amorphous
carbon (a-C) films have shown a poor adhesion to the substrates, which is caused
mainly by high residual stresses in film and high diffusion of carbon into the substrate

(i.e. steel) [15]. But Broitman et al. reported that CNx films deposited by reactive

2



magnetron sputtering on metallic biomaterials exhibit good tribological properties and
improved adhesion on metallic substrates [16-18]. Moreover the low coefficient of
friction (COF) of CNx films has the potential to cause lower wear against polymeric
materials such as ultra-high molecular weight polyethylene (UHMWPE) in human
serum conditions [19]. UHMWPE is one of the biocompatible materials most
employed for the counterpart surface of both hip and knee joints. Recent research
has shown that monolayer coatings of Ti incorporated amorphous CNx (a-CNx) film
present a successful improvements in corrosion resistance and biocompatibility [20].
Since the long-term durability of the prosthetic joint materials rely on the successful
control of both the corrosion that produces ions release and the tribocorrosion
resistance that produces ions release and oxide or plastic debris, Physical Vapor
Deposition (PVD) multilayer coatings offer a multifunctional protection alternative and
good adherence to metallic substrates in comparison to the monolayer coating [15,
21-26]. The multilayer combine the properties of different materials in a single
protective layer. The introduction of a number of interfaces parallel to the substrate
surface can act to deflect cracks or provide barriers to dislocation motion, increasing
the toughness and hardness of the coating [27,28]. For example crystalline transition
metal nitride/a-CNx multilayer such as TiN/CNx, ZrN/CNx, CrN/CNx and NbN/CNx
exhibit good tribological behavior and improved adhesion on the metal substrates by
means of stress relaxation [29]. The corrosion resistance of CoCrMo coated with
TiN/TIAIN multilayers is better than the CoCrMo alloy coated with TiN or TIAIN single
coatings [23]. In a previous work we reported that a similar multilayer of TIAICN/CNx
multilayer improved the mechanical properties and the corrosion resistance of
CoCrMo [30]. Therefore, in the current work we hypothesize that multilayers of
TIAIVCN/CNx may combine the excellent mechanical tribological characteristics of
the ceramic crystalline layers of (TIAIVC)N with the low friction and improved
adhesion of the amorphous CNx layers [19,31]. Moreover the amorphous layer can
interrupt the defects, grain boundaries and pinholes, reducing the permeability of
ceramic-crystalline/amorphous multilayer.

There are few studies regarding the tribocorrosion behavior of the CoCrMo alloy
in SBF+BSA [32,33]. There are also only a few publications regarding the
tribocorrosion behavior of multilayer coatings [25,34,35] and fewer studies yet of the
tribological behavior of TIAICN/TIAIN and nanocomposite (nc) TiAIV(N,C)/amorphous
C multilayer [36].



The aim of this work then, is to improve the corrosion and tribocorrosion behavior
of the substrate CoCrMo in the presence of SBF plus BSA by applying a
TIAIVCN/CNx multilayer coating deposited by magnetron sputtering. We evaluated
the nanomechanical properties including hardness (H), reduced Young’s Modulus
(Er) and elastic recovery (%R). The primary results of this work compare the
corrosion resistance and ions release rate while submerging both the substrate and
coated samples in a bovine serum albumin charged SBF. We also compare the
tribocorrosion behavior of all samples by monitoring values of the open circuit
potential (OCP) and COF during the tribocorrosion test.

2. Materials and experimental procedure

The substrate employed for the experiments was the LC CoCrMo alloy (ASTM
F1537, ASTM F799) standard forging alloy for surgical implants. It contains: C
(0.04%), Mn (0.81%), Si (0.16%), Cr (27.58%), Ni (0.14%), Mo (5.48%), Co
(64.99%), N (0.16%). Discs of 31.75 mm in diameter and 6 mm thick were ground
flat with sandpaper (240,400, 600, and 1200) and subsequently polished with a
diamond paste of 1 um. Before the deposition of the multilayer coating, the samples
were ultrasonically cleaned for fifteen minutes in acetone and then in isopropyl
alcohol.

Figurel shows a schematic representation of the multilayer structure used in the
present research. It has: a metal layer of TiAIV to promote adhesion of the multilayer,
9 layers of CNx alternating with 9 layers of TIAIVCN and finally a relatively thick CNx
layer deposited on the top of the multilayer to reduce the coating COF [16]. Based on
prior work by our group, the total thickness of the multilayer has been chosen to be
from 3.0 to 3.5 um [30].



CNx (top layer)
TIAIVCNXx (9 interleave layers)
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Figure 1. Schematic representation of the multilayer coating TiIAIVCN/CNx deposited
on CoCrMo alloy. The figure shows the metal layer of TiAIV, 9CNx layers interleaved
with layers 9TIAIVCN layers, and the top layer of CNx.

Deposition of the TiIAIVCN/CNx multilayer on the CoCrMo substrate was carried
out in a DC and RF magnetron sputtering system. The substrates rotated in the
process at a distance of 60 mm from the targets. High purity graphite (99.99%) and a
commercial alloy Ti6Al4V (90% Ti, 6%AIl, 4%V) were used as targets. The
parameters of the magnetron sputtering process were similar to those reported by
Broitman et al. for CNx and by Flores et al. for metal ceramic [16,37]. The initial
vacuum pressure was~3.9x10* Pa (3x10°Torr).

All substrates were preheated to 125°C for 30 min to reach a uniform
temperature. After the preheat time, the substrates were sputter-cleaned using radio
frequency (RF) applied to the substrates with the argon pressure set to 1.3 Pa
(10mTorr) with a power of 40 watts for 20 minutes. Prior to the deposition of the
multilayer on the CoCrMo alloy, a metal layer was deposited by sputtering of the
Ti6AI4V target in an argon discharge at a pressure of 1.3 Pa (10mTorr) and a DC
constant current of 0.6 A, thereby promoting the adhesion of the subsequent

multilayer to the substrate. Multilayer TIAIVCN/CNx, was grown at a temperature of



~125°C. The TIiAIVCN layers were obtained by a codeposition of TiAlV and graphite
targets. The TiAIV was deposited employing a DC source with a constant current of
0.6 A and graphite with the RF power source at a power density of 10 wattscm and
at an argon/nitrogen pressure of ~1.7 Pa (13mTorr) and a substrate bias voltage of
-40 V. Both the CNx interlayers and top layer were generated by deposition of
graphite using RF sputtering at a power density of 10 Watts/cm? an Ar/N2 pressure of
1.6 Pa (12mTorr). The proportion of Ar/N2 was varied during the deposition process:
60/40 for TIAICN and 43/57 for CN. Each layer was deposited without turning off the

plasma in order to obtain a gradual change between the layers.

2.1 Morphological and structural characterization

Multilayer coating morphology, thickness and surface analysis is obtained by
means of Field Emission Scanning Electron Microscopy (FE-SEM) with a high
resolution Tescan Mira 3MLU. The crystal structure of the CoCrMo wrought alloy and
multilayer coating was analyzed using a Siemens D500 X-ray diffractometer with Cu
Ka radiation. A conventional 6/26 Bragg-Brentano symmetric geometry was used,
from 20° to 80° with a step size of 0.03° and step-time of 1s.The x-ray source was
operated at 20mA and 30kV.

2.2 Chemical composition

Depth profiling of the chemical composition of the coating was carried out
using X-ray photoelectron spectroscopy (XPS) with an axis ultra DLD from Kratos
Analytical. The test was performed using monochromatic Al (Ka) X-ray radiation (hv=
1486.6 eV). XPS core level spectra of the Al2p, Cls, N1s, Ti2p, V2p, and Ols
regions were recorded first on as-received samples and after a sputter clean for
120s with 500 eVAr* ion beam raster scan over the area of 3x3mm? at an incidence
angle of 20° with respect to the sample surface. Subsequent to the sample surface
XPS measurements, depth profiles were acquired on the multilayer coating.
Alternating sequences of corresponding core level spectra measurement and sputter
etching with a 4keV Ar*ion beam obtained the sputter profiles. At the beginning,
gentle sputter clean conditions were chosen, thereby preserving the bonding
structure as much as possible. In this context, it should be mentioned that the sputter

clean at 4 keV may induce changes in the multi-layers in terms of both a decreased



resolution of the main components in the core level spectra (onset of structural

damage) and also an in-depth intermixing of carbon.

2.3 Nanomechanical properties

The nanomechanical properties of the TIAIVCN/CNx and substrate were
evaluated by nanoindentation experiments in a Tl 950Triboindenter™ (Hysitron).
Hardness (H) and reduced modulus (Er) measured using a Berkovich diamond
indenter were calculated according to the method proposed by Oliver and Pharr [38].
In order to avoid the combined coating plus substrate effect, penetration
displacement was set to slightly less than 10% of the total coating thickness. In all
depth-sensing tests a total of 10 indents were averaged to determine the mean and
standard deviations of H and E.. The displacements were continuously recorded
during the indentations. The penetration displacement of the indenter at maximum

load (hpqy) and the final displacement (hs), recorded in the unloading curve, were

used to determine the percentage of elastic recovery % R according to the equation
1[16].

%R = % (100) (1)

ma

2.4 lons release comparison test

The ion release test was performed while the samples were immersed in a
solution prepared with SBF and 4 gL' bovine serum albumin (BSA), reference
(9048-46-8) from Sigma-Aldrich® (2013). One liter of SBF was prepared using
deionized water and the following reagents: NaCl (8.035g), NaHCOs (0.355q), KCI
(0.225g), K2HPO4 (0.285g) MgCl. 6H20 (0.31g), 1.0M HCI (39ml), CaCl. 2H20
(0.328g), Na2S04 (0.072g). The solution was buffered adding Tris (HOCH2)sCNCH:
(6.118g) and 1.0M HCI (0-5ml) until the pH was 7.40 exactly at 36.5°C according to
the method described by Tadashi Kokubo et al. The SBF prepared for the
experiments is similar in the ions concentration to the human blood plasma [39]. The
BSA was chosen because human and bovine albumins are similar and comprises
55-62% of the protein present [40,41].

For the ion release comparison experiments the CoCrMo substrate and
TiAIVCN/CNx multilayer coated samples were cleaned with alcohol. A 1cm? area was

delimited by double-painting with enamel, and then placed in 200 ml of SBF+BSA
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into different beakers, in a water bath at 36.5+1.5°C. During 7 days, 10ml of SBF
plus BSA solution was extracted without stirring the solution and according to the
following sequence: the first 10 ml was extracted at the first hour, then at 3, 6 and 24
hours of immersion time. After the first 24 hours, 10 ml were extracted every 24
hours of the test solution for a total of 7 days.

If the corrosion products precipitation is zero, the ions release rate R,. for one

period of time can be calculated according to equations 2 and 3,

i
R, =-
r t

2)
i=CV (3)

where i=ions released (ug), C=ions release concentration pg/L, and VV=Volume of

solution (L).

Forn periods of measurement, the ions release rate (R, ,) Wwas evaluated

according to equation 4

CaV,
Rr — n'n
n (tp—tn-1)

(4)

where an =ions release rate (ugh?) in the period n, C, =ions released

concentration (ugL™?) in the period n, V;, =Volume of solution (L) in the period n, and

t, = immersion time (h) of period n.

Determination of ions release concentration of Co, Cr and Mo was performed
by means of inductively coupled plasma optical emission spectrometry (ICP-OES)
using a Spectro® analytical instrument FMA-03 and by direct absorption of the test
solution. Single element standard solutions of Co, Cr, Mo, Ti, Al, V were prepared
from their respective concentration standards (0-10mgL' for each element) to
determine the slope of the calibration plots with a correlation coefficient r = 0.998.
The detection limit of the three alloying elements Co, Cr, Mo were 11 uL? for Co,
37.4 pL? for Cr, 66.3 pL* for Mo and for the coating elements Ti, Al and V were 30.6
uLt, 44.2 uLt and 33.1 pL respectively.



2.5 Corrosion resistance and tribocorrosion behavior

Before the corrosion and tribocorrosion tests were conducted the samples
were cleaned with acetone and isopropyl alcohol in an ultrasonic bath and then a
1cm? area was delimited by double-painting with enamel. The corrosion and
tribocorrosion studies were carried out using a potentiostat Gamry reference 600
with SBF plus BSA (pH=7.4 at 36.5£1.5°C.) used as the electrolyte. The tests were
performed using a three electrode cell. A saturated calomel electrode (SCE) was the
reference electrode; a flat platinum wire was the counter electrode and the sample
was the working electrode. Before the potentiodynamic polarization test (PD) started,
measurements from open circuit potential were recorded for 60 min. The PD curves
were obtained by scanning the applied potential from -1.0 V to 1.5 V vs SCE at a
rate of 0.116 mVs™?. The experiments were conducted in aerated solutions. The
temperature of the electrolyte was controlled by a recirculating bath of water at 36.5
+1.5°C. The sample was immersed in 50 ml SBF plus BSA solution with a 1 cm? of
exposed area. The corrosion resistance of the multilayer was evaluated using
semilogarithmic potential-current curves obtained by potentiodynamic polarization.
The corrosion current (icor) Was calculated by linear fit and Tafel extrapolation of the

polarization curve.

The tribocorrosion behavior of the sample was evaluated by monitoring the
open circuit potential (OCP) as a function of applied load in a reciprocating sliding
test using a CETRUMT2 Tribometer. Each sample was immersed in 50 ml of SBF
plus BSA in the three electrode cell and the cell was carefully aligned to the ball
holder in x, y and z axis. The test began with a one hour stabilization period in the
fluid before the start of sliding period. The sliding was performed with load
parameters of 1N and 2N, 1Hz frequency and a 10 mm reciprocating stroke (sliding
length) against an alumina ball of 10 mm diameter with a duration of 30 minutes
while the COF is continuously recorded. For the substrate alone, the Hertzian
maximum contact pressure, po, for an applied load W, has been calculated according

to equation 5

1
6WE**)3

Po = R2T[3



(5)

where W is 1IN and 2N for this work and R is radius of the alumina ball and the
contact modulus E* is calculated by equation 6
1 1-v:  1-v3

=~ 5 ' g ()

where Ei is the substrate elastic modulus, the E2 is the alumina ball elastic
modulus, vi and vz are Poisson’s ratio of substrate and ball respectively [19]. The
contact pressure po resulted in 575 MPa and 724 MPa for 1IN and 2 N loads
respectively. The experimental values of po reported for knees and hips range
between 13-25 MPa [42] which are much lower than those used in this work.
Therefore, the chosen loads represent severe test conditions in terms of contact
pressure for materials used in the artificial knees and hip. The test ends with a
stabilization period of one hour. In order to compare the results of the tribocorrosion
test, the wear rate for coated and uncoated samples, was calculated by dividing the
wear volume in mm?3 (measured in the worn area by means of profilometer Dektak
150) by the product of Normal force applied (IN or 2N), sliding velocity (.02 m/s)
(which depends on the stroke and the frequency of the reciprocating sliding (1Hz))
and the sliding time (1800s).

RESULTS AND DISCUSSION

3.1 SEM and XRD

The cross section image of the TIAIVCN/CNx multilayer coating employed
throughout this work is shown in Figure 2. The figure reveals a multilayer structure of
1 TIAIV layer, 9 CNx, 9 TIAIVCN layers and a CNx final top layer. CNx interlayers are
dense and uniform and TiAIVCN layers are dense with columnar growth. The CNx
interlayer interrupt the columnar growth of the TIAIVCN layers and could provide
barrier to the dislocation motion and reduce the permeability of the coating. Figure 3
compares the XRD of TIAIVCN/CNx multilayer deposited onto a CoCrMo substrate
and a bare CoCrMo. Both diffraction plots match but the intensity of the coated
CoCrMo peaks are attenuated due the presence of the multilayer coating. The XRD

did not reveal the presence of extra peaks indicating that the multilayer has an
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amorphous structure, as it was expected for CNx, because of the low substrate
temperature used during the deposition process [16]. The diffractogram obtained
also confirms the results of previous research which suggests that crystalline
TIAICN/VCN multilayers and TIAICN coatings become amorphous when the carbon
content increases [43]. In this case all layers have a carbon content equal or greater
than 50% (see Figure 4).

CNy (525 nm)

TIAIVCN (225 nm)

CN, (62 nm)

TIAIV (125 nm)

SEM HV: 7.0 kV WD: 2.97 mm MIRA3 TESCAN
View field: 5.77 pm | Det: InBeam

SEM MAG: 33.0 kx {Date(mldly): 1112113 | UNIV. DE GUADALAJARA | CUCEI

Figure 2. Cross sectional SEM image of multilayer TiAIVCN/CNx at a working
distance of 2.97 mm. The figure shows 9 periods of TIAIVCN and CNx and the top
CNx layer.
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Figure 3. Comparison of diffractograms for the TIAIVCN/CNx multilayer deposited on
a CoCrMo substrate and the uncoated substrate. The figure shows that the intensity
of the coated CoCrMo peaks are attenuated due the presence of the amorphous
multilayer coating.

3.2 X-ray photoelectron spectroscopy (XPS)

The elemental composition of the TiIAIVCN/CNx multilayer as a function of the
sputter etch time and distance from the top layer is presented in Figure 4. In the CNx
top layer, the C and N contents have values of ~ 85 at% and 14.2 at%, respectively
until a distance inside the multilayer of ~500 nm. The composition analyzed after
3000s of sputter etching is congruent with the Figure 2 which shows a top layer of
CNx with a thickness of 525nm. The TiAIVCNx layer has a high C content (~50 at%),
and a reduced Al content of ~3.3 at% while the amounts of N and Ti resulted 30 at%
and 14.2 at%, respectively. Figure 5 shows the corresponding high resolution XPS
core level recorded after 3000s, 3500s, 4000s, and 4500s of sputter etching. As
expected, the intensity of the Cls core level spectra decreases considerably with
increasing sputter etch time due to the lowered C content in the TIAIVCNx layer.

Apparent are the broad and very asymmetric C1s spectra recorded after 3500s and
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4000s sputter etching. This is due to components arising at high binding energies
(285.5 to 289.5eV) ascribed to carbon bonded to nitrogen and oxygen [44]. In Cls
core level spectra, acquired after 4500s and at 5000s of sputter etching, these
components shrink and components ascribed to carbon-metal bonds appear at lower
energies, i.e. around 282.2eV and 283.2eV (in Figure 5 referred as to C-Me) [45,46].

Due to the incorporation of Ti and Al, an analogous shift in binding energies from
mainly N-N and C-N bonds to nitrogen-metal bonds is observed in the low binding
energy region of the N1s core level spectra, as shown in Figure 5. The most striking
features are apparent in the Cls and N1s core level due to the incorporation of
metals. The corresponding Al2p and Ti2p spectra are rather broad and the different
components are not clearly identifiable. The core level spectrum of Al2p presumably
comprises components of Al bonded to O and N. The Ti2p contains most likely
components where the metal is bonded to N, C and O. Any further conclusions as for

the chemical bonding of Al and Ti are, thus, not possible.

Distance gnm
550 10 1700

]
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Figure 4. XPS elemental compositional profile in function of etch time (s) distance
(nm). Distance indicates the thickness of the TIAIVCN/CNx multilayer (from the
surface of the top layer to inside the multilayer).
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Figure 5. XPS binding energy of TiAIVCN/CNx multilayer for C1s, N1s, Al2p and
Ti2p.

3.3 Nanoindentation

Figure 6 shows the load displacement curves from nanoindentation
measurements taken from the experiment described in section 2.3 for the
TIAIVCN/CNx multilayer as compared to CoCrMo. Table 1 shows hardness (H) and
reduced elastic modulus (Er) calculated according to Oliver and Pharr approach [36].
The multilayer is slightly harder than the substrate but its Er is 2.5 times lower than
the Er of the substrate. The percentage of elastic recovery (%R) of the multilayer is
almost 3 times higher than the elastic recovery of the substrate due the thick top
layer of CNx as it has previously reported by Broitman et al. [16]. The 77% of elastic
recovery suggest that the TIAIVCN/CNx multilayer may have a higher wear
resistance than the substrate [47]. From this result we conclude that our design of
the multilayer deposited onto the CoCrMo alloy improves the mechanical properties

of the substrate and will probably increase the material’s lifetime.
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Figure 6.Nanoindentation loading and unloading curves of TiAIVCN/CNx multilayer
compared to CoCrMo substrate.

Table 1. Values of reduced elastic modulus (Er), Hardness (H) and percentage of
elastic recovery (%R) of uncoated CoCrMo substrate and coated with the
TIAIVCN/CNx multilayer.

E/(GPa) H(GPa) Elastic recovery (%R)
TiIAIVCN/CN, multilayer 72+1 9.4+0.19 77+ 1.7
CoCrMo substrate 187 +4 8.7+0.3 26+0.2

3.4 lons released rate comparison results

Table 2 shows the ion release concentration of cobalt (Co), chromium (Cr) and
molybdenum (Mo) ions for the uncoated substrate obtained by immersion test in SBF
plus BSA described in Section 2.4. The molybdenum ion release was significantly

higher than the Co for the first measurement, within one hour of the experiment.

15



Table 2. ICP results of ions release concentration and values of the calculated ions
release rates (R, ) of Co, Cr, Mo for the uncoated CoCrMo substrate immersed for
168 h in a Simulated Body Fluid (SBF) plus 4gL! of Bovine Serum Albumin (BSA),
pH 7.4, at36.5+ 1.5 °C.

CaVa
lon release concentration® R, = m
time V, Co Cr Mo th-th1 Co Cr Mo
(h) L ug L' pgL! ug L™ (h) ugh' ugh' ugh”
1 0.2 0.0202 0.0746 0.0981 1 4.040 14.920 19.620
3 0.19 0.0116 0.0772 0.0663 2 1.102 7.334 6.299
6 0.18 0.0116 0.0733 0.0663 3 0.696 4.398 3.978
24 0.17 0.0173 0.0679 0.138 18 0.163 0.641 1.303
48 0.16 0.0116 0.0566 0.0976 24 0.077 0.377 0.651
72 0.15 0.0116 0.0749 0.0752 24 0.073 0.468 0.470
9% 0.14 0.0116 0.0624 0.0663 24 0.068 0.364 0.387
120 0.13 0.0266 0.0839 0.149 24 0.144 0.454 0.807
144 0.12 0.0168 0.06e02 0.1325 24 0.084 0.301 0.663
168 0.11 0.0116 0.0653 0.1196 24 0.053 0.299 0.548

a The results of the ions release concentration did not take in account the ions precipitation or
reprecipitation on the surface of the CoCrMo and on the surface of the container therefore, this data
were used only for to compare the ions release rate of uncoated CoCrMo versus the rate of CoCrMo
coated with the TiAIVCN/CNx multilayer.

This significant difference trend continued throughout the rest of the experiment
even when the Co and Cr ion release rates steadily decreased during the next 5
hours and finally stabilized. The differences in the ions release of Co, Cr and Mo in
comparison with other experiments in vitro [12, 48-50] in which the Co ion release is,
in contrast, higher than the one for Mo and Cr could be ascribed either to the
different media used in the immersion test, in this case SBF plus BSA or to the
influence of the BSA content in the metal ions dissolution rate. About the BSA
influence in the results obtained in the test, the adsorption of proteins can either
decrease the corrosion and ion release rates, or enhance them depending on the
adsorbed proteins and their interaction with the surface and the liquid medium [51].
These interactions are still not well understood in terms of binding with the metallic
ions released [40]. But it is known that Bovine Serum albumin accelerates the ions
metal precipitation and possess binding to a number of both bioorganic molecules
and inorganic ions. BSA is able to bind transition metals as Co (II), Cu (1) and Ni (II)
to its NHz terminus, this ability is a useful chemical attribute with utility in clinical
chemistry. These facts could explain the low Co*? ions release concentration

detected in the 10 ml sample solution [52, 53]. The media used in this experiment
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was similar to that used by Karimi et al., Phosphate Buffered Saline Solution (PBS) +
4gL* of Human Serum Albumin (HSA). The study showed that in presence of protein
the dissolution rate of the Mo oxide increase to some extent and the ion release
results showed that the Mo release was higher than Cr release after 8 immersion
weeks, those results could be compared with the results obtained in this work
although our samples were immersed in the solution just 1 week [49]. Lewis et al.
obtained similar results analyzing the effect of synovial fluid on the dissolution and
corrosion properties of CoCrMo in a 35- day immersion test. They observed that the
Cr ions release concentration in the solution was the highest and the Co ions
concentration the lowest and it was concluded that a protein film caused ligand-
induced dissolution, increasing the Cr concentration in synovial fluid [54].

Despite the semiquantitative measurements of ion concentration, using the eq.4 it
can be inferred that if the ions release rate was about constant after the first 24 h,
the surface of CoCrMo alloy became more passive and the ions precipitation rate
were higher than the ion release rate.

In the case of multilayer coated samples, ICP results indicate that the Co, Cr, Mo,
Ti, Al and V ions release concentration levels were very low and the rate and
guantification could not be obtained because their values were below the analytical
detection limits of the test method. Therefore the ion release rate for Co, Cr and Mo
was not calculated. Nevertheless, these results confirm that the multilayer provided a
significant barrier against the ions release in the physiological simulated fluid used in
this work.

The original objective of this work was to compare the ions release of uncoated
alloy versus the alloy coated with the TIAIVCN/CNx multilayer in presence of
simulated physiological conditions and the aim was achieved. But the ions release
results we obtained lead us to look for an explanation for the discussion of the high
levels and low levels of Mo, Co and Cr ions released in SBF plus BSA in the long
time immersion test. But a sustainable comparison with the results presented in
“similar” experimental conditions by other groups was not possible to do. Therefore,
we suggest that the measurement in vitro of trace metal concentration for metallic
medical implants as CoCrMo alloy must present a standard set of methodological
issues. In order to get an acceptable level of trace metals in long periods of time, a

guideline of these issues need to be established to standardize the analytical
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methods (measurement of ion concentration), collection techniques and standard

media solutions used.

3.5 Corrosion

The polarization curves of the uncoated and coated alloy in SBF plus BSA are
shown in Figure 7. In order to understand better the electrochemical behavior of both
uncoated and coated alloy in the studied solutions, four regions, indicated by dashed
horizontal lines, can be observed in the Figure 7. In the first region the CoCrMo
uncoated alloy exhibits a passive range characterized by a constant evolution of the
value of current density due to the formation of layer highly enriched with Cr (90% Cr
oxides) on the alloy surface. The second region for the CoCrMo is known as the
transpassive region determined by an abrupt increase of the current density, this
behavior has been interpreted as the transpassive dissolution of Cr*3 to Cr*® and
water oxidation by other research groups [11,55,56]. According to Bettini et al., at the
potential value of 0.7 V there is no severe corrosion of CoCrMo alloy in phosphate
buffered saline (PBS) solution at room temperature around the point where the
region 3 starts [57] but above this potential (region 3) in this work, the current starts
to increase indicating the initiation of the corrosion process at breakdown potential of
+ 0.67 V. SEM analysis of the CoCrMo uncoated surface shows that the surface was
severely attacked and exhibits a high density of pits, see Figure 8a. Mathew et al.
showed as well that surfaces of low carbon CoCrMo immersed in protein charged
solution similar to that used in this research, exhibited a great quantity of pits due the
pitting corrosion after the potentiodynamic test [58]. It also has been reported that
the current recorded at the transpassive zone was not dominated by chromium
dissolution but by other electrochemical reactions as water oxidation, the presence
of pits and the influence of the BSA (protein) in the growth of the passive and
protective film [57,58]. Therefore, at potentials higher than ~ + 0.56 V, the localized
corrosion on the CoCrMo substrate surface immersed in SBF+BSA, could have
started in the grain boundaries or in some specific weak points of the passive layer
[59]. A semi quantitative analysis by means of Energy-Dispersive X-ray spectroscopy
(EDS) was made on the surface inside the pit (see Figure 8b ), the results obtained
in mass are: (C) 25.52%, (O) 28.61%, (Mg) 0.12%, (Na) 1.70%, (Si) 2.27%, (P)
0.56%, (CI) 0.71, (K) 1.71%, (Ca) 1.37%, (Cr) 21.02%, (Co) 10.27%, Mo 5.50%. This

indicates that the concentration of the saline elements of solutions and corrosion
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products in the bottom of the pit could change the PH at this region converting the
process to an autocatalytic one and promoting the growth of the pit. The layer of the
corrosion products formed on the bottom of the pit has several cracks and therefore,
did not protect the surface against the pitting.

For the case of samples coated with the multilayer, the following can be
observed. The anodic part of the potentiodynamic curve of the TIAIVCN/CNx
multilayer exhibits a passive behavior without any change in the slope of the curve in
the studied regions. In Table 3, the value of the potential corrosion (Ecorr) Of the
uncoated CoCrMo alloy is more negative than the TiAIVCN/CNy, indicating that the
coated sample has a lower tendency to be corroded. The icor value, obtained by
Tafel extrapolation, is higher for the uncoated sample than for the coated CoCrMo
therefore, the corrosion rate was 2 times lower for the multilayer coated sample. For
these reasons, we can conclude that the multilayer coating provides protection from

pitting and general corrosion.

= = =CoCrMo in SBF+BSA
Multilayer TIAIVCN/CN _on CoCrMo in SBF+BSA
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Figure 7. Potentiodynamic polarization curves for the multilayer coated and
uncoated surfaces of CoCrMo in SBF+BSA at 36.5+1.5°C (pH 7.4). The dashed
horizontal lines indicate regions of interest described in Section 3.5.
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Table 3. Values of Ecor, icor Of uncoated CoCrMo substrate and coated with
TiAIVCN/CNx multilayer.

Ecorr (V) icorr (Acm'z)
TiIAIVCN/CNy multilayer -0.19 + .09 7.4x10°®
CoCrMo substrate -0.78 + .18 1.32x 107

~

SEM HV: 7.0 kV WD: 14.76 mm B MIRA3 TESCAN
View field: 17.2 pm Det: SE 5pm
SEM MAG: 11.1 kx Date(m/dly): 06/19/14 UNIV. DE GUADALAJARA |/ CUCEI

(a) (b)

-
SEM HV: 7.0 kV WD: 28.83 mm | || MIRA3 TESCAN

View field: 24.1 pm Det: SE 5pm
SEM MAG: 7.92kx  Date(m/dly): 06/18/14 UNIV. DE GUADALAJARA | CUCEI

Figure 8.SEM images of corroded surface of LC CoCrMo alloy in SBF+BSA at
36.5+1.5°C (pH 7.4). (a) Severe attack of the alloy surface (b) The surface
semiquantitative analysis of the pit area A selected is described in section 3.5.

3.6 Tribocorrosion

Figure 9 shows the comparison of the open circuit potential (OCP) measured
before, during, and after the sliding phase for the coated and uncoated samples
under 1IN and 2N loads. For the uncoated substrate at the moment of immersion in
the SBF plus BSA, the potential reaches -110 mV and the potential increases slightly
to -100 mV during the first hour of the stabilization period, indicating a passivation of
the surface. The potential of coated samples is more noble than the substrate and

remained near to -20 (+ -40mV) during the first hour stabilization period indicating
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that the substrate surface coated with TIAIVCN/CNx is more stable and has a lesser
tendency to be corroded than the CoCrMo surface. During the period of reciprocating
sliding for the CoCrMo under load, the potential decreased to the values of
-450 £ 40 mV and -475 = 40 mV for 1N and 2N respectively, the sliding leads to the
formation of more chemically active regions in the friction zone and the potential in
not stable during the 1800 s period of the sliding time indicating probably a local
depassivation and repassivation process on the substrate surface. According to
Mischler et al. the change in the potential indicates that under rubbing conditions the
passive film on the sample surface was locally removed thus exposing bare metal to
the solution and therefore the rubbed areas experienced an increase in metal
oxidation rate because the loss of passivity [7]. Furthermore, an important surface
degradation on the CoCrMo substrate is observed on the wear rate, as is shown in
Figure 10. When the multilayer coatings were tested, the reciprocating sliding
produced a very low change on the OCP when the loads of 1 N and 2 N were
applied. The potential reached is -80 £ 15 and -100 + 20 mV for 1 N and 2 N
respectively. Those potential values are more positive than the potential of the
substrate even before the sliding phase. During the sliding time some increase of the
potential E and the tendency to be more positive could be observed indicating that
the multilayer coated surface has a tendency to the passivation. Figure 11a and 11b
shows that the COF of the multilayer coating averages at 0.27 + 02 and 0.18 + 0.01
for 1 N and 2 N and remained stable during the sliding phase. The low friction
coefficient and its stability of a similar multilayer coating were reported by Cheikh et
al. [35]. These values are significantly lower than the COF of the uncoated sample
which were 0.59 + 0.06 for 1 N and 0.57 £ 0.07 for 2 N (see Figure 11c, 11d).
Therefore very low degradation on the top layer of the coating was observed (see
Figure 12). The wear rate calculated of the coated samples is about 6 times lower for
1IN and about 7 times lower for 2 N as is shown in Figure 10. The average contact
pressure calculated of 1 N and 2 N is 575 MPa and 724 MPa respectively.
Regarding to the OCP behavior after the sliding time under load and during the
stabilization time, in both cases, coated and uncoated CoCrMo alloy, the potential
rose up to a more noble value, to almost the same value that the OCP had before
the sliding phase started.

A comparison of the OCP and COF monitored during the tribocorrosion test and

the measurement of the decrease of wear rate have demonstrated the ability of the
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TiAIVCN/CNx multilayer under 1N and 2N loads in SBF plus BSA fluid to protect the

substrate against the tribocorrosion.
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Figure 9.Comparison OCP monitoring of the tribocorrosion test for the multilayer and
substrate CoCrMo, under 1 N and 2 N loads, 1Hz, in SBF plus BSA fluid at 36.5 +
1.5°C.
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Figure 11. Friction coefficient (COF) and overlaid with the Open Circuit potential
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CONCLUSIONS

A novel multilayer coating consisting of alternating TIAIVCN and a-CNx layers
with a thick top a-CNx layer was deposited on CoCrMo biomedical alloy samples
using magnetron sputtering. XPS results indicate that the top CNx layer has C ~85
at% and the TIAIVCN layer~50 at% C and reduced Al content. The XPS spectra
show high binding energy for C-N but low binding energy for TiAIV-C i.e. metal
carbon. No crystalline phase was observed by XRD analysis; these results indicated
that, for this carbon content (50 at% to 85 at%) the TIAICN/CNx multilayer is
amorphous. Nanoindentation experiments show that the TiAIVCN/CNx multilayer
coating improved the mechanical properties over the uncoated substrate; higher
hardness and higher elastic recovery percentage are recorded. Potentiodynamic
polarization tests indicate that the multilayer enhances the corrosion resistance of
the substrate in simulated body fluid plus bovine serum albumin. The multilayer
coating provided reduced coefficient friction to the substrate during the sliding phase
of the tribocorrosion test, this behavior can be attributed to the carbon-based
amorphous top layer (a-CNx). Very low degradation on the top layer of the coating
was observed and it was quantified with the wear-rate. The wear-rate calculated for
the multilayer coating was about 6 to 7 times lower than for the uncoated substrate.
The lower tendency of the coated samples to be corroded under applied loads (as
shown by the OCP evolution) and the protection that the multilayer provides to the
substrate against pitting corrosion could be important factors that influence the
tribocorrosion behavior of these materials. ICP comparison results demonstrate that
the multilayer coating effectively blocked the emigration of metallic ions. Thus, we
conclude that the amorphous TiAIVCN/CNx multilayer, which combines properties of
the individual layer materials TIAIVCN and a-CNx offers a multifunctional protection
alternative to the substrate, providing to the CoCrMo biomedical alloy improved
mechanical properties and increased protection against pitting corrosion and

tribocorrosion in protein charged body fluids.
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