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This study focuses on the functionalized modification of Ti-6Al-4V and CoCrMo alloys substrates widely used by
the biomedical domain as total joint replacements (TJRs) of the hip and knee. To improve the corrosion resis-
tance of these devices, nanostructured columnar zirconium (Zr) thin films were produced by oblique angle
deposition (OAD) using DC magnetron sputtering to model the particular design of the joint. The influence of the
angular distribution of the incoming particle flux on the resulting film morphology (column tilt angle, porosity)
and electrochemical behavior was studied by varying the substrates inclination angle 0 from 15 to 90°. The
experimental deposition process was reproduced by kinetic Monte Carlo (kMC) models. With the increase of the
flux incidence angle « from 0 to 70°, the film thickness and the column tilt angle § vary in agreement with the
theoretical models. Additionally, the corrosion behavior of uncoated and Zr-coated alloys (CoCrMo and Ti-6Al-
4V) was compared through open circuit potential chronopotentiometry and electrochemical polarization test in
NaCl 0.9% solution at 37 °C. It was found that the corrosion protection was successfully improved by the
presence of the films. The variation of the corrosion behavior with the flux incidence angle is explained by the
changes in the film density.

1. Introduction

Total joint replacements (TJRs) of hip and knee, designed to retain
mobility and reduce pain, have been widely used in surgical operations
[1,2]. The number of hip and knee replacements increased by 15-22%
worldwide in the last decade [3]. Kurtz et al. [4] predicted that the
primary hip and knee arthroplasty would grow by 174% and 673%,
respectively, in the United States between 2005 and 2030. Besides, more
and more younger people are requiring hip or knee joint replacement,
thus generating demand for longer service life for these artificial devices
[5]. Current total hip and knee replacements using modern designs and
materials, appropriate patient selection, and surgical techniques have
satisfactory results that last 15 years longer for most patients [6].
However, the detachment of wear particles remains one of the main
problems, e.g. wear debris, especially UHMWPE (Ultra-high-molecular-
weight polyethylene) particles from Metal-on-Polymer (MoP) joints,
may cause aseptic loosening [7]. In order to overcome this problem,
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alternative bearings such as Metal-on-Metal (MoM) prostheses,
including CoCrMo and Ti-6Al-4V components, have been developed.
The second generation of MoM bearings was introduced in the early 90s
[8]. Among metallic biomaterials, titanium (Ti) and its alloys are given
preference to use as orthopedic implants. Indeed, Ti alloys display good
mechanical strength, good resistance to corrosion process in an
aggressive medium, low density (4.43 g.em™3), as well as good
biocompatibility [9-12]. However, the Ti-6Al-4V exhibits also low
hardness, relatively low Young's modulus (101-120 MPa), and poor
resistance to combined wear and corrosion processes [13,14]. When the
Ti-6Al-4V is exposed to aggressive media, the passive oxide film spon-
taneously formed on the surface is broken [15]. Moreover, this protec-
tion is not enough to ensure the proper performance of this material
when implanted in the human body. Biomedical CoCrMo alloys are also
widely used in implants owing to their excellent mechanical properties,
good biocompatibility, and high corrosion resistance [16-18]. There-
fore, even if those alloys are among the most wear- and corrosion-
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resistant used, there is a need for a better control of the implants.
Effective protection from the corrosion media can be accomplished by
adding a coating on the base materials of the joint [9,19-23]. However,
to provide adequate protection, the coating must be uniform, adhesive,
pore-free, corrosion-resistant, and biocompatible [24,25]. Zirconium is
one of the best candidates: it has excellent erosion resistance, biocom-
patibility, high hardness, good lubricity, and ductility properties
[26-33]. In addition, due to the particular design of the joint, and its
hemispherical shape with axial symmetry, the range and incidence angle
effects on the protection should be studied. This study aims to evaluate
the corrosion resistance of Zr coatings fabricated on total hip and knee
prostheses made of Ti-6A1-4V and CoCrMo. The oblique angle deposition
technique is used to model the deposition on a hemispherical shape by
DC magnetron sputtering and design a dedicated substrate holder with
substrate angles in the 15-90° range with 15° increments. Process
simulation allows determining the flux incidence angles, responsible for
the change of the inclined columnar microstructure of the films and the
subsequent change in the properties of the films. The resulting Zr film's
surface morphology, thickness, and electrochemical behavior were
determined as a function of flux incidence angle.

2. Experimental details
2.1. Deposition conditions

Zr films were synthesized by a DC magnetron sputtering system using
a circular (50.8 mm in diameter, 6 mm thick) zirconium metallic target
(purity 99.99%). Substrate materials were Si (100) square pieces (10
mm sides' length and 0.38 mm in thickness), Ti-6Al-4V ELI (Grade 23)
discs (12 mm in diameter, 3 mm in thickness), and CoCrMo discs (8.9
mm in diameter, 3 mm in thickness). The Ti-6Al-4V and CoCrMo
metallic substrates were polished by SiC papers (from 180 down to 1200
grit) and finished with a 9-pm diamond suspension in order to obtain a
roughness of 30 to 38 nm (Ra). All substrates underwent ultrasonic
cleaning in acetone for 15 min, then were rinsed in ethanol and dried.
Afterward, they were immediately fixed on a substrate holder specially
designed for glancing angle deposition (Fig. 1(a)) and charged into the
vacuum chamber. Six substrate tilt angles 0 are available on the
substrate-holder: 15, 30, 45, 60, 75, and 90°. The target-to-substrate
distance was fixed at 12 cm and the center of each substrate is at 3 cm
from the symmetrical axis. A schematic illustration of the geometry of
the system is shown in Fig. 1(b).

The substrate tilt angle, 6, is defined as the angle between the normal
to the substrate (or substrate-holder) and the normal to the substrate-
holder plate, assumed collinear with the normal to the target. The flux
incident angle, a, is defined as the angle between the normal to the

a)

0 =60°
0=75°

0 =45°

substrate and the incidence direction of the impinging flux [34]. The
column tilt angle, B, is defined as the angle between the normal to the
substrate and the growth direction of the film columns. 6 is known
thanks to the substrate-holder geometry, a can only be calculated by
simulation, and p is determined from the film cross-sections obtained by
SEM.

Before deposition, the chamber was pumped down to 2 x 10™* Pa.
The working pressure was fixed to 0.22 Pa with an inlet of 3.5 sccm of
pure argon. The discharge voltage was —320 V for an imposed current of
250 mA. The deposition time for each type of substrate (Si, Ti-6Al-4V,
and CoCrMo) was 90 min.

The coatings deposited on Si substrates were used to characterize
their microstructure and thicknesses, while those on Ti-6Al-4V and
CoCrMo substrates were employed to investigate their wear and corro-
sion behaviors.

2.2. Deposition simulation

The characteristic of the Zr flux was calculated with SIMTRA [35]
using the experimental working pressure and system geometry. The
initial angular and energy distribution was obtained by SRIM [36] using
the experimental ion energy. 10° and 107 particles were simulated in
SRIM and SiMTRA, respectively. Due to the limitations of SEM imagery
for accurate thin films density measurements, quantitative pore analyses
were performed using the NASCAM porosity plug-in [37] on the digital
films obtained with NASCAM (4.6.2) [38]. The substrates had a size of
10 x 200 particles and the total number of deposited particles ranged
between 5 x 10° and 2 x 10° particles based on the SIMTRA outputs.
The probe used for the porosity calculation had a size of 3 and 4.

2.3. Characterization and analysis methods

The surface morphology and cross-section of the Zr films with in-
clined columns were observed by Scanning Electron Microscopy (SEM-
JEOL JSM 7610 F). From the cross-section's images, the film thickness,
and the column tilt angle p were determined.

In vitro degradation behavior of coated and uncoated alloys was
investigated by open circuit potential (OCP) and potentiodynamic po-
larization. The electrochemical tests were performed in a physiological
serum (NaCl 0.9%), considered as the most representative solution of the
human body and in an aerated environment at 37 + 1 °C. Open circuit
potential (OCP), or resting potential (Eest), time dependencies were
measured, and potentiodynamic polarization tests were performed to
study the corrosion behavior of the investigated samples. The poten-
tiodynamic tests were performed using a conventional three-electrode
cell with a gold electrode, a saturated calomel reference electrode
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Fig. 1. (a) View of the substrate-holder plate with the six inclined substrate-holders. (b) Schematic illustration of the geometry of the deposition system.



(Hg/HgCly), and the working electrode (coated and uncoated samples).
The working electrode areas were respectively 0.62 cm? and 1.13 cm?
for CoCrMo and Ti-6Al-4V, corresponding to the top surface of the
samples. First, the OCP versus time was monitored without applying any
external polarization for 3600 s in 50 mL, until equilibrium was reached
at the corrosion potential E.q. Then, a potential was applied, ranging
from —1 to +1 V with a scan rate of 1 mV/s, while the corrosion current
was measured. For each sample, two specimens were tested in the same
conditions. The electrodes were connected to a potentiostat (VOLTALAB
PGZ 100) and monitored using the Voltamaster 4 software. From the
potentiodynamic curves, using the Tafel extrapolation method, the
corrosion current densities icorr (pA/cmZ) are obtained and two criteria
were calculated: corrosion rate (CR) and protection efficiency (%P.E.).
The corrosion rate is determined using Eq. (1) [39]:

icorEW

CR =3.27-107 €))

where CR is the corrosion rate (mm. year’l), icorr iS the corrosion current
density (pA.cm™2), Ew is the equivalent weight (molar mass divided by
the oxidation state) and p is the material density (g.cm ™).
Table 1 lists the material-dependent values used for the calculation.
The corrosion protection efficiency (%P.E.) is determined using Eq.
(2) [40,41]:

%P.E. — 100(1 —1—“‘) @

Luncoated

where icoated iS the corrosion current density of the coated sample and
iuncoated 1S the corrosion current density of the uncoated sample.

Several chemical and electrochemical porosity tests are found in the
literature. Chemical porosity tests include neutral and acetic acid salt
spray, sulfur dioxide exposure, the use of a ferroxyl indicator, and cor-
rodkote corrosion tests [42-44]. These tests are designed to attack the
substrate revealing the corrosion occurring through the pores. However,
corrosion products could block the pores and give false readings while
very small pores are difficult to penetrate by the electrolyte and may be
missed. These tests often take a long time and visual results can be
difficult to quantify [45]. In contrast, electrochemical tests, such as Tafel
extrapolation, cyclic voltammetry, linear polarization resistance, and
corrosion potential monitoring, are more quantitative and can be per-
formed rapidly with standard electrochemical instrumentation [46,47].

Based on the Tafel curves, the main electrochemical parameters were
extracted and used to calculate the porosity of the coatings using Else-
ner's equation [48]:

p_ <Rp7subst;"ate> o-e @)
Rp, coating

where Rp, substrate is the substrate polarization resistance, Rp, coating
is the coating polarization resistance, | AEi = 0| is the difference between
the coatings and the substrate corrosion potentials and ba is the sub-
strate anodic slope.

The polarization resistance (Rp) was calculated using the Stern-
Geary equation [49]:

(1 ba.|bc| 1
Rp = (ﬁ) ' ((ba + |be|) ) ‘i corr “)

where the i is corrosion current density, ba the anodic slope, and bc

Table 1
Estimated parameters for the substrates and the film materials.
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Molar mass (g.mol’l) Oxidation state Density (g.cm™>)

Zr 91.22 4 6.52
Ti-6Al-4V 46.74 4 4.3
CoCrMo 58.67 2-3 8.44

the cathodic slope of the polarization curves.

3. Results and discussion
3.1. Characterization of the Zr flux

Fig. 2 presents the evolution of the flux incidence angle a with the
substrate tilt angle 6.

The dashed line represents the absolute equality of the two angles
and serves as a reference. As expected from the geometry of the depo-
sition system (dimension of the target, target-to-substrate distance, po-
sition of the substrate-holders, working pressure), the flux incidence
angle o is not equal to the substrate tilt angle 6. An offset of 14°,
increasing to 21° with the substrate tilt angle, is found. The main
contribution of this offset is due to the geometry (arctan (3/12) ~ 14°),
while the small increase for high substrate tilt angles comes from the
increase of the fraction of thermalized atoms compared to the fraction of
ballistic atoms. In the following sections, the graphs will be presented
function of the flux incidence angle o and not function of the substrate
tilt angle 6. The flux incidence angle « is the most relevant parameter to
describe the deposition conditions and includes the substrate tilt angle 6.
However, the latter can be useful to classify and name the different
coatings.

3.2. Thickness and surface morphology of the Zr films

The evolution of the Zr film morphologies (cross-section and top
views) with increasing substrate tilt is obtained by SEM and shown in
Fig. 3.

The cross-section views presented in Fig. 3 (upper line) show the
expected morphologies. The films are columnar, and the increase of the
substrate tilt angle is accompanied by an increase of the column tilt
angle and a decrease of the film thickness. It can be observed on the top
views presented in Fig. 3 (lower line) that the top of the columns for the
low substrate tilt angles (15 and 30°) present hexagonal shapes with an
average size comprised between 50 and 75 nm. With more tilted sub-
strates (45 and 60°) the shapes of the columns tend to be elongated in
the direction perpendicular to the particle flux. The columns size tends
to decrease to 30 nm in the direction of the particle flux, while in the
direction perpendicular to the particle flux, the size remains in the same
dimension as previously observed for low substrate tilt angles. With the
highest substrate tilts the columns are smaller (about 30 nm) and
intercolumnar voids are observed. This is obviously linked to higher film
roughness and porosity, which will influence the corrosion resistance.
These morphologies are fully consistent with the numerous studies on
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Fig. 2. Evolution of the flux incidence angle o with the substrate tilt angle 0.
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Fig. 3. SEM cross-section (upper line) and surface top views (lower line) of Zr films deposited at substrate tilt angle 6 of 15, 30, 45, 60, 75, and 90° on silicon.

OAD for other material systems [50-53].

From the SEM cross-sections (Fig. 3, upper line), the film thickness t
and the column tilt angle (B) can be readily measured. The evolution of
these two parameters with the flux incidence angle a is presented in
Fig. 4.

The average film thickness was measured by SEM in three zones (top,
middle, and bottom of the substrate) to take into account any variation.
As observed on the SEM images, the thickness of the Zr films exhibits a
decreasing trend with the increase of the flux incidence angle o (Fig. 4
(a)). The cosine of the incidence angle a is presented as a reference.
Indeed, the theoretical OAD film thickness is expected to be proportional
to the projected substrate surface in a plane parallel to the target. The
film thickness varies from 1000 to 500 nm with a cosine-like evolution.
However, the data are slightly higher than the expected cosine refer-
ence. This can be explained by two points: there are some dispersions in
the particle flux and the source is not punctual. The first point is due to
the working pressure and implies that the impinging atoms do not have
parallel directions. Consequently, atoms coming from the whole space
can reach the substrate. The second point is due to the size of the
racetrack of the target, i.e. the geometrical substrate tilt angle will vary
by +5°. Combining these two effects, it is obvious that the number of
atoms impinging on the substrates, and consequently the film thickness,
will be higher than the one predicted by the cosine evolution.

The evolution of the experimental column tilt angle is presented in
Fig. 4(b) with the two most frequent theoretical rules: Tait's rule and the
tangent rule (Egs. (5) and (6), respectively)
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The column tilt angle increases with the incidence flux angle from 3
to 42° with a “Tait's rule”-like evolution. For incidence angles higher
than 15°, the column tilt values are lower than the ones predicted by
Tait's rule. Once again, this is due to the scattering during transport and
the geometrical configuration (position of the substrate and size of the
racetrack), i.e. the fraction of the flux with a low incidence angle is
increasing with the substrate tilt angle.

3.3. Resting potential

The influence of the surface treatment on the polarization behavior
in a 0.9% NaCl solution of the CoCrMo and Ti-6Al-4V alloys was first
studied. Open circuit potential (OCP) is an important tool to investigate
the corrosion behavior of the studied electrodes. It indicates the ten-
dency of the tested electrode to electrochemical dissolution/passivation
in a test solution [54].

Fig. 5(a) presents the evolution of the steady-state open circuit po-
tential (E) for uncoated and Zr-coated CoCrMo and Ti-6Al-4V tested
samples as a function of the flux incidence angle.

Uncoated Ti-6Al-4V and CoCrMo present a resting potential of —184

b
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Fig. 4. (a) Film thickness and (b) column tilt angle p as a function of the flux incidence angle a.
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Fig. 5. (a) Open circuit potential of uncoated and Zr-coated CoCrMo and Ti-6Al-4V obtained versus the flux incidence angle a. (b) Ti-6Al-4V open circuit potential

versus CoCrMo open circuit potential.

and —160 mV, respectively; CoCrMo tends to be nobler than Ti-6Al-4V.
All Zr-coated samples present a higher negative resting potential, proof
that the substrates remain fully protected after the deposition of the
coating. The coated CoCrMo samples have always a nobler behavior
than the coated Ti-6Al-4V ones, indicating that the couple substrate-
coating has to be considered as a whole. However, the resting poten-
tial of the coated samples shows variations, which can be grouped in two
zones. The first zone for flux incidence angles o smaller than 45° and the
second for flux incidence angles o higher than 45°. In the first zone, the
resting potential continuously decreases from —402 to —538 mV and
from —245 to —304 mV for coated Ti-6Al-4V and CoCrMo, respectively.
The decrease is more marked for the transition between 30 and 44.2°.
Then, the resting potential increases suddenly to the second zone, where
a slight increase from —351 to —334 mV and from —240 to —222 mV is
observed for coated Ti-6Al-4V and CoCrMo, respectively. These varia-
tions are related to the film's properties varying with the flux incidence
angle (column shapes, roughness, porosity, etc.). Fig. 5(b) presents the
OCP for the uncoated and Zr-coated Ti-6A1-4V compared to the OCP for
the uncoated and Zr-coated CoCrMo. A linear relation is found between
both behaviors, indicating that the properties of the films are responsible
for these variations. Indeed, the only variable in this set of data is the
deposition conditions that drive the film's microstructures and conse-
quently their properties, i.e. thickness and porosity. Some effects of
coatings porosity, leading to a marked decrease in corrosion resistance
with lower layer densities have already been shown in the literature
[47]. The decrease in open circuit potential with flux incidence angle at
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angles lower than 45° finds its origin in a small increase of the porosity
combined with the decrease of the film thickness (Fig. 4(a)), while the
sudden increase of the potential for higher incidence angles can be
attributed to the appearance of intercolumnar voids, as observed on
Fig. 3. The validity of this hypothesis has been evaluated through the
NASCAM simulations and calculation of Zr coatings porosity, detailed in
Section 3.5.

3.4. Potentiodynamic polarization curves

Resting potential tests are insufficient for the determination of the
corrosion resistance, especially regarding the short immersion time of 1
h used in the experiments. Polarization curves are more appropriate to
study the full range of corrosion resistance. From the polarization curves
(see Fig. S1 and Table S2 in Supplementary data) the corrosion current
density icorr is determined and the corrosion rate and protection effi-
ciency are calculated. Fig. 6(a) presents the corrosion rate for the un-
coated and Zr-coated CoCrMo and Ti-6Al-4V samples.

Even if the CoCrMo tends to be nobler than Ti-6Al-4V, the corrosion
rate is about three times higher, i.e. 281 and 84 pm/yr, respectively. This
can be explained by the higher passivation ability of the Ti-6Al-4V,
leading to the formation of a protective oxide layer at the surface of
the sample [55-57]. Zirconium, as a transition metal, presents also a
passivation behavior [58,59] and protects the substrates thanks to a
lower OCP. Thus, as seen in Fig. 6, the coated samples always present a
lower corrosion rate than the uncoated alloys, i.e. the coated samples
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Fig. 6. (a) Corrosion rate and (b) protection efficiency versus with the flux incidence angle « for uncoated and Zr-coated CoCrMo and Ti-6Al-4V alloys.



exhibited a good corrosion resistance and permitted an excellent pro-
tection efficiency.

However, the influence of the film microstructure is obvious, i.e.
with the increase of the flux incidence angle the corrosion rate increases.
The influence of the corrosion rate can be quantified thanks to the
protection efficiency presented in Fig. 6(b). In the case of the Ti-6Al-4V
substrate, the Zr coating offers a protection efficiency between 97 and
91% for incidence angles smaller than 45°. Above this angle, the pro-
tection decreases to 60%. The same behavior is observed for the CoCrMo
substrate, except that the variations are less important. The protection
begins with a level of 93% and progressively decreases to 77.6% for the
incidence angle of 44.2°. Then a drop of about 10% occurs for higher
incidence angles.

This protection efficiency decrease, i.e. the corrosion current density
increase, may be due to the increase of the film porosity with the flux
incidence angle. The incidence angle allows the solution to reach the
substrate and exchange ions. The protection remains relatively high due
to a partial clogging of the pore with the corrosion products. These
products hinder the anodic dissolution, protecting the substrate [60,61].

The difference between the Zr-coated CoCrMo and the Zr-coated Ti-
6Al-4V can be explained by the open circuit corrosion potential. Among
the three materials, CoCrMo is the nobler one and zirconium the less
noble. The corrosion of the Zr coating will then be sped up by the dif-
ference of potential, leading to this progressive protection efficiency
decrease. For coated Ti-6Al-4V, this difference of potential is smaller,
giving time to the film to close the porosity and to protect the substrate,
except when the porosity passes a threshold value.

3.5. Film porosity

The porosity of the Zr coatings on CoCrMo and Ti-6Al-4V alloys was
examined using the Tafel extrapolations. Fig. 7(a) presents the calcu-
lated experimental porosity versus the flux incidence angle a.

Both coated samples present the same behavior. A low and stable
porosity at low incidence angles (a < 45°) followed by a sudden increase
at higher incidence angles (a > 45°). In the first zone, the film porosity is
about 0.2 and 2.3% for Ti-6Al-4V and CoCrMo, respectively. In the
second zone, the increase is about 4.5 and 6% per 10° for Ti-6Al-4V and
CoCrMo, respectively. The offset of 2-3% found between the Ti-6A1-4V
and CoCrMo series is due to the influence of the substrates, i.e. the
CoCrMo samples have higher potentials and corrosion current densities
than the Ti-6Al-4V ones. These electrical differences will affect the
porosity calculation by increasing the values.

In order to confirm that the corrosion behavior finds its origin in the
film porosity, which is directly due to the inclined columnar film
microstructure, simulations of the film's porosity were performed with
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NASCAM. Fig. 7(b) presents the experimental porosity of Zr coatings
versus the simulated one. An excellent correlation is found between the
experimental and simulated results with an R? of 0.96, definitely con-
firming the role of the film porosity on the corrosion resistance perfor-
mance. Moreover, it proves that the deposition process, which can be
fully reproduced by simulation, is directly responsible for the micro-
structural changes and the subsequent film properties.

4. Conclusion

Detailed analysis of the corrosion behavior of PVD Zr-coated Ti-6Al-
4V and CoCrMo alloys with different substrates angles through elec-
trochemical studies in 37 °C NaCl (0.9%)'s solution allowed to determine
the effect of Zr coatings deposited on a hemispherical prosthesis. Sum-
marizing the research conducted in this article, it can be stated that:

- A substrate-holder composed of six different substrates tilt angles (15
to 90° with 15° increments) allowed to model the deposition on
several locations on a hemispherical prosthesis.

The film's microstructures present the expected evolutions with the
flux incidence angle: cosine decrease of the thickness (from 1000 to
500 nm), increase of the column tilt angle following the Tait's rule
(from 3 to 42°), and changes in the top surface morphologies.

All coated samples (Ti-6Al-4V and CoCrMo) present better resistance
to electrochemical corrosion in comparison to the uncoated sub-
strates, with an increase of the negative potential by a factor 2 on
average.

- The corrosion rate tends to increase with the flux incidence angle,
corresponding to a decrease of the protection efficiency from about
95% to 65% on average.

The corrosion behavior of the coated substrates revealed several
points or critical zones in comparison to the substrate inclination
angle. The flux incidence angle of 45° seems to be the pivotal angle.
For flux angles lower than 45° the films are dense (less than 5% of
porosity) and provide good corrosion protection, however, for flux
angles higher than 45° the film's porosity increases (up to 12-18%)
and deteriorates the corrosion protection.

The Zr columnar thin films are a promising approach for biomedical
uses, including implant applications, due to their improved surface
corrosion protection in physiological media if the microstructure is
finely controlled especially thanks to the use of the simulation.
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