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Abstract

316L stainless steel (SS) implants suffer from tribological and biocompatibility problems which limit their service lifetime. In
order to improve the surface properties of 316L SS for orthopedic implant applications, hard chromium oxide coatings were
applied on 316L SS substrates using a reactive magnetron sputtering technique. The morphological, structural, and phase
compositional analyses were conducted on the deposited coatings by scanning electron microscopy, X-ray diffraction, Raman
spectroscopy, and X-ray photoelectron spectroscopy. The Rockwell-C indentation tests were performed on the coated substrates
to qualitatively evaluate the adhesion of coatings on the steel substrates. The surface characteristics of coatings were measured by
using an optical profilometer. The mechanical properties of coatings were reported by measuring the Hardness and Young’s
modulus. The corrosion resistance of coated and uncoated SS substrates was compared using potentiodynamic polarization tests.
An inductively coupled plasma optical emission spectrometry (ICP-OES) was employed to analyze the biocompatibility of the
samples by measuring the amount of toxic Cr ions released after the immersion test. The results show that the coatings are
adherent and composed of a single Cr,O3 phase with a hardness of 25 to 29 GPa. The corrosion resistance of the SS has been
improved by applying a chromium oxide coating. The coated SS samples have also demonstrated better wear resistance and
lower friction coefficient compared to bare SS samples under a reciprocating sliding condition in saline solution. The biocom-
patibility of the SS has been enhanced by the Cr,O; coating as much less Cr ions were released after immersion tests. These
results indicate that the hard Cr,O5 coatings can be considered as a candidate for extending the lifetime of SS implants.
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Introduction

316L SS has been widely used for orthopedic implants due to
the comprehensive characters of low cost, high toughness, high
corrosion resistance, and superior mechanical properties.
However, 316L steel possesses a low hardness and it readily
suffers from early degradation under wear and corrosion inter-
actions (Ningshen et al. 2006; Liu et al. 2009). Therefore, hard
non-toxic corrosion resistant coatings which also adhere very
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well to substrates are required to solve the tribo-corrosion prob-
lems for orthopedic implant applications. This is due to the fact
that tribological and corrosion processes substantially influence
the biocompatibility of materials. For instance, pains,
pseudotumor formation, and inflammation in patients are the
direct effects of wear debris and toxic ions released by Fe, Cr,
and Ni chemical element presented in 316L SS which, however,
can be prevented by applying a wear, corrosion, and biocompat-
ible protective coating material on the implant surface (Oje and
Ogwu 2017). In this context, various ceramic coatings have
been employed by different researchers for biomedical applica-
tions. Among them, diamond-like carbon (DLC), chromium
nitride (CrN), hydroxyapatite (HA), titanium nitride (TiN), and
titanium niobium nitride (TiNbN) have been extensively inves-
tigated (Fisher et al. 2002, 2004; Roy and Lee 2007; Serro et al.
2009; Love et al. 2013; Gotman and Gutmanas 2014; van Hove
etal. 2015; Oje and Ogwu 2017). TiN and TiNbN coatings have
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been commercially used in hip and knee prostheses, while other
coating systems are still under the different stages of investiga-
tion (Serro et al. 2009; Gotman and Gutmanas 2014; Oje and
Ogwu 2017). DLC coatings show poor adhesion on the sub-
strates due to a high level of internal stress generated during the
coating process, and a severe delamination of DLC coatings
usually occurs during in vivo tests which is still the main draw-
back for practical application (Anttila et al. 1999; Taeger et al.
2003). HA coatings, due to their poor toughness and high brit-
tleness, are not desired in applications where the material is
subjected to various loading regimes, despite their excellent bio-
material properties (Charalambous 2014; Oje and Ogwu 2017).
The present authors in their recent research (Mohammadtaheri
et al. 2018) showed that Cr,O5 coatings can reach a hardness
value of up to 29.5 GPa which was in agreement with the hard-
ness value mentioned for bulk Cr,Oj3 in earlier literature
(Samsonov 1973; Kainarskii and Degtyareva 1977; Kao et al.
1989; Hones et al. 1999). Cr,O; also possesses interesting prop-
erties such as low coefficient of friction, high wear, and corro-
sion resistance, which making it potential protective coatings for
many applications (Bhushan et al. 1997; Ji et al. 2004; Pang
et al. 2008). To obtain Cr,Oj5 coatings, different techniques such
as plasma-spray (Singh et al. 2012; Dong et al. 2013; Babu et al.
2018), sputtering (Contoux et al. 1997; Luo et al. 2008), chem-
ical vapor deposition (CVD) (Carta et al. 2005), pulsed laser
deposition (Monnereau et al. 2010), and laser-assisted chemical
vapor deposition (Sousa et al. 2011) have already been used.
However, high-quality Cr,O5 coatings with hardness as high as
bulk Cr,0O5 have only obtained by sputtering techniques so far
(Hones et al. 1999; Luo et al. 2007, 2008; Lin and Sproul 2015;
Mohammadtaheri et al. 2018). Metallic chromium, due to its
different valance state, can form various chromium oxide com-
pounds, including CrO;, CrgO,;, CrsO1,, CrO; 996, CrO,,
Cr30y4, Cr,03, CrO, and Cr;O (Kainarskii and Degtyareva
1977; Barshilia and Rajam 2008; Lin and Sproul 2015). It has
been confirmed that depending on the preparation method and
deposition conditions, chromium oxides with different oxidation
states, microstructure, chemical composition, and mechanical
properties can be formed. For instance, in RF-magnetron
sputtering coating process, single-phase Cr,O5 coatings with a
hardness value of over 25 GPa can only be produced in a spe-
cific deposition condition (i.e., at room temperature, at a low
pressure of 1.6 x 10" Pa, where Cr-target voltage and oxygen
content are 260 V and between 15 and 25 vol% of total gas,
respectively (Mohammadtaheri et al. 2018)). Cr,O3 coatings
have already been used for various applications, such as ad-
vanced heat engines (LACKEY et al. 1987), digital magnetic
recording units (Bhushan et al. 1997), gas bearing applications
(Bhushan 1981), electronics (Sourty et al. 2003), and optics
(Trube 1993; Liu et al. 2009). However, to the best of authors’
knowledge, comprehensive investigations on the application of
chromium oxide coatings for biomedical implants have not been
performed yet. We have recently established a correlation

between phase composition, microstructure, and mechanical
properties of chromium oxide coatings and the deposition pa-
rameters in a reactive magnetron sputtering technique
(Mohammadtaheri et al. 2018). Now, in this research, authors
are determined to continue the previous research and conduct a
detailed study on the potential application of such hard chromi-
um oxide coatings for biomedical applications. In the current
research, tribological properties, corrosion, adhesion, and bio-
compatibility behavior of reactively sputtered chromium oxide
coatings prepared on 316L SS are tested according to the inter-
national standards when they are exposed to the physiological
saline solution.

Materials and methods

A RF-magnetron coater (SPLD620-FLR made by
Plasmionique Inc., Rimouski, QC, Canada) was used to de-
posit chromium coatings on mirror-polished AISI 316L SS
substrates with the dimension of 25 mm X 25 mm x 5 mm. A
76.2 mm-diameter Cr-target plate (99.95% pure) was installed
in the system to produce chromium oxide coatings in the si-
multaneous presence of argon and oxygen plasma. The depo-
sition parameters (Table 1) were the optimum ones determined
from our previous research (Mohammadtaheri et al. 2018) in
which chromium oxide coatings with a hardness value as high
as bulk Cr,053 (H~29 GPa) have been produced.

The mean roughness (R,) and wear volume of coatings were
measured with the aid of an optical profilometer (New View
8000, manufactured by Zygo Corporation, Middlefield, CT,
USA). The system was equipped with a x 50 Mirau objective
and using a standard filter type (bandwidth 125 nm for the light
with A =550 nm) for surface characterization measurements.
Grazing incidence XRD (Rigaku XRD Ultima IV, CuK,, radi-
ation) technique at incidence angle of © = 7° was used to inves-
tigate the phase composition of the coatings. X’Pert HighScore
Plus software was employed to compare the obtained XRD
patterns with the standard databases (known as PDF files) to
identify the chromium oxide peaks. Raman spectroscopy
(Renishaw 2000 spectroscope, argon laser source A =514 nm,
P=0.5 mW) was used to identify different oxide states and
support the XRD patterns. A silicon reference sample was used
to calibrate the Raman spectroscope and the peak positions
were fitted with the aid of Wire.3.3 software. The oxidation
state of metallic chromium in the coatings was determined by
X-ray photoelectron spectroscopy (XPS). The spectrometer
used in this method was a Kratos Axis Ultra model with a
monochromatic Al K« radiation made by Kratos Analytical
Ltd., Manchester, UK. Before XPS measurements, the surface
contaminants were removed by sputtering the surface of coat-
ings with Ar ions for 20 s. To compensate the charge effects
during XPS analysis of insulating oxide coatings, the high-
resolution spectrum of adventitious hydrocarbon was also
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Table 1 Deposition parameters

Ar flow
rate (sccm)

0O, flow
rate (sccm)

Temperature (°C) Pressure (Pa)

for the hard Cr,O5 coating Cr-target Cr-target
power (W) voltage (V)
360 260

30 5 150 0.16

monitored. The morphological characteristics of the coatings
were observed by a scanning electron microscope (SEM). To
evaluate the adhesion properties of coatings qualitatively,
Rockwell “C” Indentation with a load of 981 N (100 kgf)
was performed on three different areas of coatings according
to ISO 26443 standard (ISO 26443 2002). The imprints were
then observed subsequently using an optical microscope. The
hardness and Young’s modulus of coatings were measured by
nanoindentation technique (UMT with a Berkovich indenter at
3 mN load) according to ISO standard 14577-1 (ISO 14577-1
2015). The Oliver and Pharr method (Oliver and Pharr 1992)
was used to interpret the nanoindentation load-displacement
graphs and an average of 50 indentations was reported as the
hardness value. The depth where the indenter penetrated to the
surface was on one hand 20 times higher than the surface
roughness and on the other hand, below 10% of the coating
thickness to minimize the uncertainty of hardness values. The

SU8000 1.0kV-D 2.7mm x30.0k SE+BSE(U) 1.00um

Dt
050100 150 290

250 300
X: 335.48 pm

corrosion resistance of the substrates was tested by electro-
chemical potentiodynamic polarization method exposing a sur-
face area of 1 cm? of substrates into open to air physiological
saline solution (0.9% NaCl). All electrochemical potentiody-
namic polarization measurements were carried out according to
ASME standard G5 (ASTM G5 2015) at 298 K with a sweep
rate of 0.6 V h™' on a GAMRY electrochemical analyzer
(Warminster, USA). A three-electrode cell, using a saturated
calomel as the reference electrode and graphite as the counter
electrode, was set up for this purpose. The test started after
about an hour immersing the specimen in the electrolyte to
reach a steady state condition for the open circuit potential.
Friction and wear tests were performed according to BS EN
1071-12 standard (BS EN1071-12 2010) using a wear test
machine with ball-on-disk configuration (UTM with a 440-C
martensitic steel ball, 10 N load). The test started after the
samples were immersed in saline solution at room temperature.

0 50 100 150 200 250 300

X: 335.48 pm

Fig. 1 a SEM cross-section, b surface micrograph, ¢ surface roughness of chromium oxide coatings, and d surface roughness of bare 316L substrates
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Ten thousand cycles with a displacement length of 2.5 mm was
set in a linear reciprocating motion for all the samples. An
inductively coupled plasma optical emission spectrometer
(iCAP™ 7400 made by ThermoFisher Scientific,
Massachusetts, USA) was employed to analyze the biocompat-
ibility of the samples by probing the amount of toxic Cr ions
released into the solution after 5 months immersion tests.

Results and discussion

Figure 1 a and b show the SEM images from cross-section and
surface morphology of chromium oxide coatings, while Fig. 1
¢ and d compare the roughness of coatings and substrates,
respectively. The coatings show dense nanocrystalline mor-
phology with a very low roughness in the range of 1-2 nm.
This smoothness of coatings can be an indication of coatings
imitation from the bare substrate roughness during the film
growth and nanocrystalline structure of coatings.

The structural analysis conducted by XRD (Fig. 2a) on
chromium oxide coatings showed that the coatings were only
composed of Cr,O3 phase as the peak positions were all
matched with the corundum Cr,O5 peak positions according
to (PDF-98-009-7850) databases. Raman spectroscopy was
also employed to backup XRD data since it is a recognized
technique to analyze both amorphous and crystalline oxide
materials (Elton N. Kaufmann 2003). In Fig. 2b, Raman shifts
observed at 305 cmfl, 345 cmfl, 547 cmfl, and 606 cm™ ! are
well-matched with the Raman modes of crystalline Cr,O3
mentioned in literature (Brown et al. 1968; Shim et al. 2004;
Kikuchi et al. 2005). Moreover, the existence of single Cr,O5
phase in the coatings was confirmed by the high-resolution Cr
2p XPS analysis. The Cr 2p high-resolution spectrum was
composed of Cr 2p;/; and Cr 2p ; splits with Cr 2p3; binding
energy at 576.6 eV and the energy gap between the splits was
9.7 eV, which is consistent with Cr,O5; (Moulder et al. 1992).
Therefore, both the Raman and XPS results agreed well with
the XRD data and confirmed that coatings were only com-
posed of stoichiometric Cr,O5 crystalline phases.

The adhesion quality of chromium oxide coatings was
evaluated with Rockwell-C indentation tests, where the im-
prints were observed by an optical microscope for a sign of
any failure or delamination. The results showed that the coat-
ings conformed well to the indentation, indicating that they
have an acceptable adhesion without any adhesive delamina-
tion (Fig. 3).

Figure 4 indicates the hardness and Young’s modulus of
bare 316L SS substrates and chromium oxide—coated sub-
strates. The average hardness and Young’s modulus values
of chromium oxide—coated substrates are about 29.76 and
304.9 GPa, respectively, which is in agreement with the re-
ported values for the bulk Cr,O5 in literature (Samsonov
1973; Kainarskii and Degtyareva 1977; Kao et al. 1989;
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Fig.2 a XRD patterns, b Raman spectra, and ¢ the high-resolution Cr 2p
XPS spectrum of deposited oxide coatings

@ Springer



25150

Environ Sci Pollut Res (2021) 28:25146-25154

Fig. 3 Adhesion quality of chromium oxide coatings on SS316L
substrates performed by Rockwell-C tester

Hones et al. 1999; Saeki et al. 2011). The bare 316L substrates
have a hardness value significantly lower than chromium ox-
ide coatings and in agreement with the literature reported
values (Tromas et al. 2012).

Figure 5 shows the potentiodynamic polarization curves of
the 316L SS and Cr,05-coated substrates obtained in a mo-
tionless open to air physiological saline solution at room tem-
perature. Fitting the anodic and cathodic portion of polariza-
tion curves by a customized python module (Li et al. 2018)
resulted in the Tafel plots and corrosion data. Table 2 com-
pares the obtained corrosion data (corrosion potentials (Ecorr),
corrosion current densities (icorr), and polarization resistance
(Rp)) for both the 316L SS and Cr,03-coated substrates.
Figure 5 shows that the samples obviously have a passivation
region regardless of sample type and the corrosion resistance
of the substrates is enhanced when they were coated by chro-
mium oxide coatings.

Table 2 shows that the corrosion potential (Ecorr) increases
after applying chromium oxide coatings, with an Ecorr of —
0.41 V for bare 316L SS substrates and —0.19 V for the
sample with the chromium oxide coatings. Furthermore, the
corrosion rates can be evaluated by comparing the corrosion

(a)

Hv-4.11 +0.20 GPa
3.2

2.8{ E-234.21 +40.59 GPa
24
2.0
1.6
1.2
0.8
0.4/

0

Load (mN)

0.096 0.144
Depth (um)

0 0.048 0.192 0.240

154 — Cr,03 coated sample
——— SS316L Bare sample

-1.54

10-° 10-8 107 10-6 105 104 103 102 10!
i[A/em’]
Fig. 5 Polarization curves for 316L stainless steel and Cr,O5 coated
substrates

current densities. This is due to proportional relationship be-
tween the corrosion current densities and the kinetics of cor-
rosion reactions. The corrosion current density of bare
SS316L substrates is about 3 pA/cm?® which decreases to
1 pA/em?® with applied chromium oxide coatings. The de-
crease in icorr is a confirmation for the corrosion resistance
improvement of Cr,Os-coated samples when they are com-
pared with the bare substrates. The R, term is a definition for
the charge transfer resistance in the solution—metal interface,
which can be used as a parameter in anticipating the corrosion
protection properties of coatings on metal surfaces (Liu et al.
2009). Based on the polarization resistance data, the chromi-
um oxide coatings have improved the R, from 30.662 to
40.156 K(2, so they can be an effective protective coating
for 316L SS substrates in the physiological saline solutions.
Figure 6 shows the effect of chromium oxide coatings on
the wear behavior and friction coefficient of bare SS316L
substrates. After applying hard chromium oxide coatings, both

(b)

20] Hv-29.76 +7.22 GPa

2.8 E-304.90 +20.05 GPa
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0.048 0.072 0.096 0.120
Depth (um)

0 0.024

Fig. 4 a Indentation curve measured on bare SS316L and b indentation curve measured on a 1.5-um-thick chromium oxide coating. Hy means the
plastic Vickers hardness and E the elastic modulus corrected for deformation of the diamond
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Table 2  Electrochemical parameters obtained from polarization curves
in Fig. 5

Samples Ecorr (v) Icorr (uA/cmz) Rp (K2)
Bare SS316L -0.41 3 30.662
Cr,053-Coated -0.19 1 40.156

the wear rate and friction coefficient decreased significantly
(Fig. 6¢ and d).

The wear rate of substrates can be calculated using the
following formula (BS EN1071-12 2010):

Fig. 6 Tribological properties of
bare and Cr,Os-coated SS316L
substrates. a Wear volume of the
bare substrate, b wear volume of
the coated substrate, ¢ coefficient
of friction, and d wear rate of both
bare and coated substrates

500

X:1418.91 pm

4
" 2LSN

where V is the volume lost from substrates (m3); L is the
applied load (N); S is the stroke length (m); N is the total
number of reciprocations.

As shown in Fig. 6, the wear rate is about 50% lower
for coated substrates compared to bare 316L SS. The fric-
tion coefficients, hardness, and film adhesion can influ-
ence the wear life of protective coatings (Da-Yung Wang
2001). Cr,O5 coatings act as solid lubricants and tend to
reduce the friction coefficient (Jianjun et al. 1992). The
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adhesion measurements (Fig. 3) confirm that chromium
oxide coatings have good adhesion on SS316L substrates.
Hence, the enhancement observed in the wear resistance
can be attributed to the high hardness and low friction
coefficient of chromium oxide coatings which also have
good adhesion on 316L substrates.

Figure 7 illustrates the amount of toxic chromium ions
released from substrates by probing saline solution used in
the immersion tests. The optical emission spectroscopy results
indicate that the chromium oxide—coated samples released
negligible chromium ion about 0.01 ppm compared to
0.09 ppm for bare substrates.

Decreasing the chromium and nickel ions released from
316L steel in artificial body fluid media at 37 °C has been
investigated by previous researchers; however, no significant
success has been reported. In this regard, Diaz et al. (2008;
Santonen et al. 2010) investigated the effect of passivation
layer thickness on the amount of chromium and nickel ions
released from 316L SS used as prosthetic implant materials in
simulated body fluids. In their research, the passivation layer
thickness was changed by an anodization process and the
metal ion release was measured using atomic absorption
spectroscopy after 1, 6, 11, and 15 days, respectively. They
showed that the amount of nickel and chromium ions detected
in body fluids were proportional to the passivation layer and
increased from 2 to 10 times as the passivation layer
increased. Moreover, two other researchers, Kocadereli et al.

0.12 +

0.08 +

0.06 -

0.04 +

Chrominum ion release (ppm)

0.02 A

0.00 -

SS316L
Sample Name

Cr203-Coated

Fig. 7 Chromium ion released from substrates exposed to saline solution
at 37 °C
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(2000) and Agaoglu et al. (2001), investigated the amount of
nickel and chromium ions released from SS orthodontic fix-
tures in the patients’ salivary samples. They showed that con-
siderable amounts of chromium and nickel are detected in the
salivary samples. Therefore, our research implies that stoi-
chiometric single-phase Cr,O5 coatings are a good candidate
for enhancing the biocompatibility of SS implants in biologi-
cal environments.

Conclusions

The compatibility of hard chromium oxide coatings pre-
pared by reactive magnetron sputtering on SS316L sub-
strates has been investigated for biomedical applications
at room temperature in saline solution. According to
structural and phase compositional analysis, dense stoi-
chiometric single-phase Cr,O3 coatings were successfully
prepared on the steel substrate at appropriate deposition
parameters. The coatings have a high hardness and good
adhesion on SS316L substrates. The corrosion results
based on potentiodynamic polarization measurements
showed an enhancement in corrosion resistance for chro-
mium oxide—coated stainless steel samples compared to
the bare SS substrate. The corrosion current density for
chromium oxide—coated stainless steel is three times low-
er than uncoated stainless steel, suggesting the presence of
a higher resistant passive film on the coatings.
Tribological test results exhibited that Cr,O5 coated sub-
strates possessed better wear resistance under sliding wear
test conditions in saline solution. This can be related to
the properties such as high hardness, low coefficient of
friction, and good adhesion of chromium oxide coatings.

The ion release results from the ICP-OES measurements
indicate that there were negligible chromium ions (at the parts
per billion (ppb) level) released from the chromium oxide—
coated samples into saline solution after 5 months immersion
under testing conditions. These results indicated that hard
Cr,05 coatings can be a good candidate for extending the
lifetime of biomedical stainless steel implants; however, more
researches are required to pave the way for orthopedic and
other possible medical implant applications of chromium ox-
ide coatings.
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