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Abstract: Stainless steel (SS316L) and titanium alloy (Ti6Al4V) exhibit suitable properties for biomed-
ical applications; however, the tribocorrosion of these materials, which is associated with metallosis,
is still a significant concern. This work investigates the effectiveness of DLC smoothing coatings
applied to the metals to reduce tribocorrosion and improve cell viability. The study was motivated
by many reports of metallosis caused by metal debris in the soft tissues of the body. DLC coatings
were produced using the plasma-enhanced chemical vapor deposition (PECVD) technique. The
cytotoxicity, genotoxicity, and cell viability of metallic samples with and without DLC coatings
were analyzed, considering the chemical composition of the coating and metallic components. The
results show that the DLC coatings presented suitable interaction properties and no cytotoxicity or
genotoxicity when exposed to the cellular environment, compared with the control group (p < 0.0001).
They also demonstrated cell viability, low friction representing a reduction of 80%, and hardness
23–26 GPa, making them ideal for use on fixed implants. It is necessary to control the thickness and
roughness of the coating to avoid pinholes and increase the corrosion protection of implants. These
DLC coatings with low friction coefficients could facilitate the fixation of implantable pins and screws,
including Kirschner wires.

Keywords: cell viability; cytotoxicity; DLC coating; genotoxicity; tribocorrosion; Ti6Al4V; SS316L

1. Introduction

Biomaterials are widely used in medical procedures for the replacement of tissues,
organs, or bodily functions. Depending on the application, these materials differ in terms
of structure, chemical composition, and processing. Under certain conditions, they may
present limitations because they can suffer deformation, corrosion, and wear, increasing
the possibility of failure of the implanted material [1].

There are important concerns regarding the effects of metallosis caused by the infil-
tration of debris generated by the wear of metallic implants. Metallosis can occur in soft
tissues and bones, with effects including infection and tissue necrosis, due to material
corrosion that is usually associated with the improper use of metal in permanent implants
in contact with body fluids. The problem of metallosis can necessitate implant replacement
after periods shorter than ten years [2].

Among the various types of metals used in implants, the present work investigates
316L stainless steel and Ti6Al4V alloy, which are both used in the femoral arches of a total
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hip arthroplasty. These metals are currently used because their mechanical properties are
favorable for the machining of implants due to their low deformability, and they have
moderate resistance to corrosion [1,2].

Table 1 shows the chemical compositions of the 316L steel and the titanium alloy,
including metallic, nonmetallic, and semi-metallic (such as silicon) elements. It can be
seen that SS316L contains 22% chromium, which, during the deterioration of implants,
may be delivered to the body in the form of ions including Cr6+, which can cause the
development of cancer [3]. Other chemical elements present in lower concentrations include
nickel, carbon, silicon, manganese, cobalt, and molybdenum. It has been suggested that
the aluminum and vanadium found in titanium alloy may be responsible for Alzheimer’s
disease [4]. Nitrogen, carbon, hydrogen, iron, and oxygen are also present as contaminants
in Ti6Al4V.

Table 1. Chemical compositions of SS316L and Ti6Al4V.

Element
Steel 316L Atomic Composition (%) Element Alloy Ti6Al4V Atomic Composition (%)

C 2.48 N 0.004
Si 0.87 C 0.004
Cr 22.00 H 0.002
Mn 3.92 Fe 0.040
Fe 59.46 O 0.117
Co 0.61 Al 5.970
Ni 9.03 V 4.030
Mo 1.61 Ti 89.760

SS316L presents a high rate of biocorrosion when in contact with body fluids, requiring
the use of surface treatments. In particular, diamond-like carbon (DLC) has attracted
attention as a coating due to its low friction coefficient and good biocompatibility [5].

Considering that SS316L and Ti6Al4V are still present in most of the implants used
in the Brazilian Unified Health System (SUS), the aim of the present work was to perform
a comparative study to evaluate the improvement of these metallic materials using DLC
coatings to protect against tribocorrosion and to reduce cell damage. Some alternatives
for metal protection have been reported and include using ceramic materials; for example,
hydroxyapatite grown on a metal surface can act as a protective coating, as was explained
very well by Nahum et al. [1] and Hwartz et al. [2]. The DLC advantage over other coatings
is related to the low friction coefficient of DLC coatings and the corrosion protection
observed in previous works [3–5].

Diamond-like carbon [6] is a metastable form of amorphous hydrogenated carbon
(a-C: H) [7] with sp3 bonds, sp2 carbon atoms, and hybridized hydrogen, as can be seen in
the ternary diagram available elsewhere [8]. DLC can be deposited using various processes
with different gaseous or liquid precursors, such as acetylene, benzene, ethylene, methane,
or hexane. Briefly, deposition consists of three steps: plasma reactions (dissociation or
ionization), interaction of the plasma with the surface, and reactions of the substrate with
the coating [9]. The quality of DLC coatings is directly related to the deposition parameters,
the type of source used, and the energy of the ions present in the chemical reactions
that determine the percentages of hydrogen and carbon bound in chains and in graphite
rings [10].

The reactor configuration for the deposition process and parameters is set up such that
the voltage, current, power supply, working pressure, and precursor type should provide a
plasma environment with high ion density and a pulsed power supply to favor a low, free
path between the ions and the substrate surface, avoiding intense collisions [11]. The aim
is to achieve an optimal collection of charged particles with ideal electrical conductivity,
which collectively responds to the electromagnetic forces and chemical reactions during
deposition. Inside the plasma reactor, the gas precursors undergoing ionization may
take the form of bundles of neutral ions, while also acting as highly charged gas clouds
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that may contain particulate material in the form of dust. During the deposition process,
these particles can be deposited onto the surface of the coating, causing the formation of
porous dimples or pinholes [11,12] that act as sites for the permeation of corrosive liquids
or vapors through the layers onto the substrate. The pores generated by dust from the
deposition process are starting points for corrosion that reduce the lifetime of the coating.
The use of DLC coatings with high hardness, high resistivity to etching, high electrical
resistivity [13,14], a low friction coefficient [15], and low pore content can be one way to
protect the metal substrate and avoid corrosion.

2. Materials and Methods
2.1. Sample Pretreatment and DLC Deposition Parameters

Eight samples of SS316L and Ti6Al4V, acquired in local commerce, with dimen-
sions of 2 cm × 2 cm × 0.5 mm were used for the mechanical tests, while twelve cir-
cular samples of the metals were used for the biological tests. All the samples were
prepared using sandpaper and polishing, followed by cleaning with an enzymatic deter-
gent (B4184Brij® L23 solution—Sigma Aldrich, São Paulo, Brazil) and isopropyl alcohol
(Synth, Diadema—São Paulo, Brazil), under a sonication system (Dubësser, Santo André,
São Paulo, Brazil), to remove impurities, such as dust and oils, remaining from the pre-
ceding steps. During the deposition process, these impurities could evaporate inside the
vacuum chamber and compromise the adhesion of the coatings to the substrate.

Figure 1 shows the PECVD system (a homemade reactor) used to prepare the DLC
coatings, consisting of a cylindrical chamber made of stainless steel, fitted with a cathode
fed by a pulsed or continuous discharge source. A homemade capacitive DC power supply
was connected to the sample holder, and the bias voltage (Vb) was adjusted by controlling
the power level and the pulse. Selection of the correct power supply pulse width was crucial
for generating the species and for reducing the free ions pathway, whereby the ions collided
with the substrate. The vacuum system comprised a turbo pump (Avaco-Pfeiffer Hipace
300—São Paulo, Brazil), and an auxiliary mechanical pump (Edwards E2M18—Barueri,
São Paulo, Brazil), coupled to a homemade deposition chamber, enabling attainment of pres-
sures as low as 0.0013 Pa. Electronic controllers (Avaco-Cole-Parmer—Sao Paulo, Brazil),
calibrated for each gas, were used to regulate the injected gas flow. Before deposition, the
samples were cleaned for 30 min using an argon plasma with a Vb of −500 V, a flow rate of
12.0 sccm, and a working pressure of 0.39 Pa. Silicon samples were used as a film interface
to anchor the DLC on the surface of the metallic substrate.
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A silicon interlayer was used to improve the DLC adhesion, avoiding peel-off from
the substrate and flakes. The silicon precursor was silane gas (SiH4) (WhiteMartins,
São José dos Campos, Brazil). The amorphous silicon formed in this step provided a
bonding interaction with the metal and the carbon as an interlayer. The silicon interlayer
formed a thermal gradient between the metal and DLC coating, as explained in previous
work from our group [6]. The SiH4 was injected for 15 min, at a Vb of −700 V; the low rate
was 5.0 sccm, and the work pressure varied between 1.33 and 2.66 Pa. Acetylene gas (C2H2)
(WhiteMartins—São José dos Campos, Brazil) was used as the carbon precursor for the
DLC coatings. The DLC film was produced after 120 min at a Vb of −700 V. The flow rate
was 15.0 sccm, and the work pressure varied between 0.66 and 0.93 Pa.

Table 2 shows the setup for the production of the DLC coatings in a deposition process
consisting of the three stages of plasma cleaning, silicon interlayer deposition, and DLC
coating deposition, with specific conditions used for each stage.

Table 2. Stages and setup for production of the DLC coatings.

Stage Gas Pressure (Pa) Voltage (V) Gas Flow (sccm) Time (min)

Cleaning Argon 0.33 400 5.5 30
Interlayer Silane 6.66–9.33 700 5.5 10
DLC Film Acetylene 0.66–0.93 700 15.4 120

2.2. Characterization of the DLC Coatings
2.2.1. Raman Spectroscopy

The spectra were acquired using a (Renishaw 2000 micro-Raman system, Barueri—São Paulo,
Brazil) equipped with an argon ion laser (λ = 514.5 nm), operating in backscattering
geometry, as a nondestructive characterization technique. The laser power used was
0.6 mW, and the laser beam diameter was 1.0 µm. The Raman signal was calibrated
using the diamond peak at 1332 cm−1 [12]. The measurements were performed at room
temperature (21 ◦C) [12].

2.2.2. Optical Profiling

This characterization technique was used to analyze the surface roughness, thickness
of the DLC coating, and pore depth. The thickness was measured by the height of the
step between the substrate and the DLC coating [7,8]. These analyses employed a (Bruker-
NT9100 instrument, Campinas, Brazil) fitted with a set of optical interferometry lenses and
operating in the phase-shifting interferometry (PSI) mode.

2.2.3. X-ray Photoelectron Spectroscopy (XPS)

XPS is one of the most common spectroscopy techniques used for the chemical analysis
of coating components. An analysis of the DLC coatings considered the hybridized sp2/sp3

carbon content obtained by deconvolution over the total area of the peak corresponding
to C1s [9]. For the XPS analysis, after the initial vacuum step, the samples were subjected
to an argon atmosphere to remove oxides present on the surface. The analyses employed
a (Thermo Scientific K-Alpha spectrometer-Sao Paulo, Brazil) operating with the base
pressure below 1.0 × 10−4 Pa. The Al Kα line (hν = 1486.6 eV) was used as the ionization
source and the analyzer pass energy was adjusted to 200 and 50 eV for the survey and scan
spectra, respectively.

2.2.4. Tribological Analysis

The tribological analysis of the DLC coatings employed a (Bruker UMT 2 tribometer.
Campinas, Brazil). A determination was made of the friction coefficient, as a measure of
the lubrication capacity of the coatings. Scratch tests were used to investigate the adhesion
of the coatings on the metallic substrates, while tribocorrosion tests were performed to
analyze the corrosion susceptibility of the coatings.
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For the friction analysis, the tribological pairs employed were SS316L/SS316L and
Ti6Al4V/Ti6Al4V plates and spheres. The tests were performed using a frequency of 1.0 Hz,
time of 1000 s, and normal force of 5 N, with a reciprocating linear movement and track
distance of 10 mm. Each sample was analyzed after 500 passes at 1 Hz.

The scratch testing was performed using a diamond tip (Model Rockwell C—Buehler,
IL, USA), with a progressive normal load from 0 to 20 N and a velocity of 0.1 mm/s over
10 mm. At the end of the experiment, an analysis was made of the critical load (LC1),
which was used to identify the exact time that the coating was broken (without exposing
the substrate).

For the tribocorrosion analysis, the sample was attached to a support and immersed
in Ringer’s lactate solution with a composition (Table 3) approximating that of extracellular
fluids. The analysis was performed at 36 ◦C to simulate body fluid temperature.

Table 3. Components of Ringer’s lactate * solution.

Substance Concentration (mol L−1) pH

NaCl 0.147

5.35CaCl2 0.004

KCl 0.004
* The lactate used was sodium lactate, mixed into a solution with an osmolarity of 273 mOsm/L and a pH of
about 6.5.

The tribocorrosion tests were performed according to ASTM standard G119 [10], as
described in earlier work [8]. A ceramic alumina sphere (φ = 4.76 mm) was used for the
friction tests, with a normal force of 1.5 N, frequency of 2.5 Hz, amplitude of 2 mm, and
sliding time of 1200 s, corresponding to 3000 cycles. The counter bodies used were SS316L
steel and Ti6Al4V alloy, with and without DLC coatings.

Corrosion potential is the potential in which the rate of cathodic reactions and the
rate of anodic dissolution of the electrode equalize, resulting in zero current flow in the
electrode. The corrosion potential gives an indication of the state of the corroding metal,
enabling measurement of how susceptible the material is to corrosion [11].

The open circuit potential (OCP) was measured compared to previous work for 20 min
in static mode, 20 min in reciprocating sliding mode, and another 20 min after the friction
test to determine the recovery of the equilibrium potential [4].

2.2.5. Hardness Tests

Hardness tests were performed using a triboindenter (Bruker, Campinas, Brazil) with
a standard nanoindentation head. A Berkovich tip indenter with a maximum load of
10 mN was applied at 8 points of each sample, with a distance of 15 µm between the
indentations, obtaining the average value. The analyses were based on the method of
Oliver and Pharr [12]. The depth of the tip’s penetration was approximately 10% of
the coating thickness; therefore, the influence of the substrate could be neglected in the
determination of the coating hardness and elasticity modulus [12].

2.3. Biological Tests Using L-929 Mouse Fibroblasts

Both mitochondrial activity tests and cell viability assays are important tools in un-
derstanding cell health, but they target different aspects of cell function and can provide
complementary information [13].

2.3.1. Cell Proliferation Clonogenic Assays Using Crystal Violet Dye

Crystal violet (hexamethyl pararosaniline chloride) from Sigma Aldrich is a dye also
known as gentian violet or methyl violet and can be absorbed by cells in culture. This
basic dye stains the nucleus of the cells so that the rate of cell growth is reflected by the
colorimetric determination of the stained cells. These dyes are taken up by cells through
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a process known as endocytosis or pinocytosis [13]. Endocytosis is a cellular process by
which cells engulf and internalize external materials, forming vesicles that transport these
materials into the cell’s interior. This process allows cells to regulate their environment and
take in nutrients, among other functions. Gentian violet and methyl violet are relatively
small molecules that can be taken up by cells through this mechanism. This mechanism is
only possible for live cells; due to this, this procedure is used to measure cell viability [14,15].

After the exposure time in the culture plates, the culture medium was removed from
the wells. The wells were then washed once with phosphate-buffered saline (PBS) from
Sigma Aldrich, at 37 ◦C, to remove detached post-death cells, followed by incubation with
100 µL of violet crystal solution for 3 min at room temperature. After the incubation period,
the plates were washed with tap water to remove the excess dye, and the cells that remained
attached were incubated with 200 µL of a sodium dodecyl sulfate (SDS) elution solution
for 1 h in the absence of light. At the end of the incubation period, cell proliferation was
determined by measuring the absorbance at a wavelength (λ) of 570 nm, using a (Packard
SpectraCount spectrophotometer-Cole-Parmer, Vernon Hills, IL, USA).

2.3.2. Mitochondrial Activity (MTT Test)

The purpose of mitochondrial activity tests is to assess the functionality and health
of the mitochondria within cells. Mitochondria are often called the “powerhouses” of
the cell because they play a crucial role in producing energy through a process called
oxidative phosphorylation. Mitochondrial activity tests help us to understand how effi-
ciently mitochondria are generating energy and how they are functioning under various
conditions [16]. These tests can provide information about cellular metabolism, cellular
stress, and overall cellular health, including factors such as membrane integrity, metabolic
activity, and structural integrity [17].

Figure 2 shows a schematic illustration of the distribution of the wells for the mitochon-
drial activity analysis using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) from Sigma Aldrich. The assay is based on the ability of metabolically active cells
to convert MTT, a yellow tetrazolium dye, into purple formazan crystals by reducing the
dye with mitochondrial enzymes. The amount of formazan produced is proportional to the
number of viable cells and reflects the activity of mitochondrial enzymes [18].
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The MTT solution was prepared at a concentration of 5 mg/mL in PBS, in a sterile
atmosphere. For this procedure, 24-well plates were used, which were previously washed
with 100 µL of phosphate-buffered saline (PBS) with a pH of 7.4. After washing, 150 µL of
MTT (Sigma) solution, at a concentration of 5 mg/mL, was added to each well. The plates
containing the cells and MTT solution were placed in a humidified oven at 37 ± 0.5 ◦C,
under an atmosphere of 5% CO2. After 2 h of incubation, a dimethyl sulfoxide (DMSO)
solution was used to solubilize the crystals formed in the metabolization. The plates
were homogenized for 3 min on a shaker, followed by measurement of the absorbance at
λ = 570 nm, using a Packard SpectraCount spectrophotometer.

2.3.3. Morphology and Surface Adhesion of L-929 Mouse Fibroblast Cells

The morphology and surface adhesion of L-929 mouse fibroblast cells on Ti6Al4V or
SS306L, with and without DLC coatings, were analyzed by scanning electron microscopy
(SEM). The L-929 mouse fibroblast cells were provided by the Rio de Janeiro Cell Line Bank
(CR019). The cells were maintained as sub-confluent monolayers in minimum essential
medium with 1.5 mM l-glutamine, adjusted to contain 85% of 2.2 g/L sodium bicarbonate
and 10% fetal bovine serum (Gibco), 100 units/mL of penicillin–streptomycin (Sigma),
and 25 g/mL of l-ascorbic acid (Sigma). Incubation was performed at 37 ◦C under an
atmosphere of 5% CO2.

In order to analyze the surface and adhesion morphology of the cells on Ti6Al4V or
SS306L, with or without DLC coatings, the cell culture (5 × 105 cells/mL) was seeded
on the samples and incubated for 24 h at 37 ◦C, under a 5% CO2 atmosphere. After this,
the medium was removed and the samples were fixed with a 3% glutaraldehyde (0.1 M)
sodium cacodylate buffer for 2 h, followed by dehydration using a gradient of acetone
solutions (50, 70, 90, and 100%, each for 10 min). The drying stage used a 1:1 solution of
ethanol with hexamethyldisilazane (HMDS), with final drying of the samples using pure
HMDS at room temperature. After the deposition of a thin gold layer, the spreading of the
cells on the samples was examined by SEM, using a Zeiss EVO MA10 instrument.

2.3.4. Chromosomal Damage Assessment by Micronucleus Assay

The protocol adopted in the micronucleus assay was previously described and
tested by Tian and Carvalho [19,20]. The L929 cells were plated after treatment for 24 h.
The samples were treated with 200 µL of 3 µg/mL cytochalasin B (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) to prevent cytokinesis and facilitate observation
of the micronuclei. The cells were then washed twice with PBS and fixed using 4%
paraformaldehyde in phosphate buffer for 10 h at room temperature. The cells were
washed again with PBS and incubated with 200 µL of DAPI (4′,6-diamino-2-phenylindole)
(Sigma-Aldrich, St. Louis, MO, USA) in 300 nM phosphate buffer for 10 min at room
temperature. The micronucleus experiments were performed in triplicate. A group
treated with 6 µM ethyl methanesulfonate (EMS) (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), a genotoxic agent, was included in this assay as a control for the
formation of micronuclei [21,22].

The number of micronuclei in the cells were counted using a Leica DMIL fluorescence
microscope coupled to a Leica DFC310FX camera, São Paulo, Brazil), operated with Leica
Application Suite v3 software. The images were acquired in 10 different fields of each well,
totaling 30 fields per experimental group. A determination was made of the frequency
of micronuclei per 100 cells in the different groups after 24 and 48 h (n = 8). The anal-
yses included a double-blind test to confirm the numbers of micronuclei in the images.
The criteria used to identify micronuclei were those defined previously by Fenech and
Nersesyan [23,24]. The collected data were submitted for statistical analysis.
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3. Results and Discussion
3.1. DLC Chemical Structure: Raman and XPS Analyses

Figure 3 shows the Raman spectra of the DLC coatings deposited on the SS316L and
Ti6Al4V substrates. The original D and G bands were fitted by the red and green lines,
respectively, with the 1350 and 1580 cm−1 positions corresponding to the original D and
G band centers. The spectra for the DLC coatings were obtained with laser excitation
at 514.5 nm. The spectra indicated the predominance of the G band, shown by the peak
centered at 1580 cm−1, together with a small shoulder centered at 1350 cm−1, related to the
D band. The green and red lines in the spectrum are the deconvolutions of the bands used
to determine the ID/IG ratio.
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The Raman analysis of the DLC coating microstructures indicates that the coatings
were formed by micro-graphitic rings and open chains, as shown by the ID/IG ratios,
calculated as described previously by Robertson [25]. The ID/IG ratios were 0.62 and 0.58
for the coatings deposited on SS316L and Ti6Al4V, respectively, using the same deposition
parameters for the two substrates. The physical properties of the DLC coatings are directly
related to the ID/IG ratio. The D (disorder) band corresponds to the vibrational modes
associated with sp, sp2, and sp3 hybridizations. A right shift of the D band is associated
with the presence of clusters with aromatic carbon rings and carbon bonds in open chains
in the coatings. The G band is due to a tangential elongation of the sp2 hybridization
mode [26]. A right shift of the G band corresponds to the existence of sp2 bonds of a
mixture of carbon chains with aromatic rings. The intensity of the G band is directly
proportional to the content of the sp2 bonds [27].

Figure 4 shows the XPS spectra for the DLC coatings. The spectra were dominated
by the C1s bands, providing information on the chemical bonding environment and the
components of the DLC. The SS316L spectrum presented three main bands, corresponding
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to C–C/C–H at 284.8 eV, C=O=C at 285.8 eV, and C–O at 287.4 eV [28]. The Ti6Al4V
spectrum showed main bands corresponding to C–C/C–H bonds at 284.6 eV, C–O–C at
285.9 eV, and O=C=O at 287.4 eV [28,29]. The binding energy values found for the sp2 and
sp3 components of the C1s spectra were consistent with the binding energies reported in
the literature for the peaks corresponding to graphite and diamond [30]. The presence of
oxygen in the chemical bonds found in the analysis was due to residual air in the vacuum
process applied before deposition of the DLC coatings. The presence of oxygen in DLC
films could lead to bonds resulting from chemical corrosion during tribocorrosion tests.
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3.2. DLC Film Thickness and Roughness Measurements

Figure 5 shows the results of the optical profilometry measurements of the thicknesses
of the DLC coatings on the SS316L and Ti6Al4V substrates, determined from the step
heights in the line profiles shown in Figure 5. The thickness values were similar, since the
deposition parameters employed were the same, with deposition during 120 min at Vb of
−700 V. The thicknesses of the DLC coatings deposited on SS316L and Ti6Al4V were 1.59
and 1.33 µm, respectively. The deposition rates were approximately two-fold higher than
those obtained using DLC in a previous study by the same research group [11]. The growth
rates observed here were 0.013 and 0.011 µm/min for the SS316L and Ti6Al4V substrates,
respectively. Bradley and co-workers reported the relation between the deposition and the
sputtering rate due to ion beam bombardment during the deposition process, which is also
common in PVD processes [31].
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Figure 5. Measurement of the thicknesses of the DLC coatings on the SS316L and Ti6Al4V substrates.

The images in Figure 6a show the Ti6Al4V+DLC profile. The colors indicate the peaks
and valleys on the surface (the dimensions are shown in the color bar on the right side
of the images). Figure 6b shows the surface morphologies of the SS316L and Ti6Al4V
substrates with and without DLC coatings. Roughness analyses were performed using
areas measuring 301 × 229 µm. For SS316L, the roughness values were 52.49 nm with the
DLC coating and 52.20 nm in the absence of the coating. For Ti6Al4V, the corresponding
values were 21.4 nm and 12.76 nm, respectively; hence, despite the nanometric scale, the
surface roughness was increased by the presence of the DLC coating in both cases.
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Figure 6. (A) Ti6Al4V+DLC profile; (B) roughness analysis of the DLC coatings deposited on the
SS316L and Ti6Al4V substrates: (a,b) SS316L substrate with and without DLC coating; (c,d) Ti6Al4V
substrate with and without DLC coating. The colors indicate the peaks and valleys on the surface
(the dimensions are shown in the color bar on the right side of the images).
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3.3. Adherence and Hardness of the DLC Coatings

Figure 7 shows the results for adherence, which was evaluated using the scratch test.
The test was performed with a diamond tip, in accordance with ASTM C1624-05 [32]. An
optical microscopy image of the scratch track on the SS316L substrate coated with DLC
is shown in Figure 7a. The first crack occurred after 8 s, at a critical load (Lc1) of −3 N,
indicated by the red line, with the image showing progressive failures in the form of waves
in that region. The first critical load (Lc1), which is indicated by the first sign of damage
or cracks in the coating, without substrate exposure, was evidenced by the increase in the
acoustic emission signal (green line), as well as by failures shown in the optical microscopy
image. The second critical load (Lc2) is related to the complete failure of the coating [7,8].
The DLC-coated SS316L sample showed no substrate exposure (Lc2) up to a force of 20 N.
In the case of the DLC-coated Ti6Al4V sample, there was also no substrate exposure (Lc2)
up to 20 N, although the Lc1 occurred at −2 N.
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Figure 7. Results for scratch testing of the DLC coatings deposited by PECVD on (a) SS316L and
(b) Ti6Al4V, indicating the first critical load (Lc1) values. Images of the tracks are shown above the
scratch plots. The second critical load (Lc2) was not reached for either sample. COF: coefficient of
friction; Fz: normal force.

Hardness testing of the DLC coatings was performed using eight indentations to
obtain an average. The diamond tip penetrated to a depth of only 10% of the thickness
of the DLC coatings in order to avoid any influence of the hardness of the substrate. The
literature reports DLC hardness values in a range from 10 to 80 GPa [25].

Table 4 shows the hardness values obtained from an average of eight measurements
on the surfaces of the SS316L and Ti6Al4V samples with and without DLC coatings. It can
be seen that the hardness values were considerably higher for the coatings, compared to the
substrates. These hardness values might suggest that the DLC film could have scratched
the counter body; however, this was unlikely, considering the low friction coefficients
obtained for the DLC coatings (Figure 8).
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Table 4. Results of hardness testing of the SS316L and Ti6Al4V substrates and the corresponding
DLC coatings.

Samples Mean Hardness (GPa) Standard Deviation (GPa) Mean Elastic Modulus (Gpa) Standard Deviation (GPa)

SS316L 5.50 0.44 145.87 2.77
DLC Film on SS316L 26.98 0.74 207.84 3.02

Ti6Al4V 4.95 0.60 130.67 4.41
DLC Film on Ti6Al4V 23.65 0.71 193.01 5.77
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3.4. Friction Tests

Figure 8 shows the friction coefficient results obtained in an air environment, using the
tribological pairs consisting of a sphere and the substrate plates with and without DLC coat-
ings. The friction coefficient measured for SS316L without the DLC coating was 0.50 ± 0.16,
while the value for the corresponding coating was 0.10 ± 0.01, representing a reduction
of 81%. The friction coefficient obtained for the Ti6Al4V substrate was 0.42 ± 0.07, while
a value of 0.08 ± 0.01 was obtained for the corresponding DLC coating, representing a
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reduction of 80%. The lower friction coefficients measured for the DLC coatings demon-
strated the excellent lubrication properties of DLC, making this material highly suitable for
reducing friction [33]. Furthermore, in addition to conferring a low friction coefficient, the
use of DLC coatings can increase the shelf life of metallic implants.

3.5. Tribocorrosion

Figure 9a–d shows the friction coefficient and open circuit potential (OCP) curves
obtained for the tribocorrosion tests using Ringer’s lactate solution. The OCP was mea-
sured at a steady state under static conditions in order to obtain the equilibrium potential.
Fluctuation of the OCP was then measured during the sliding tests. The average friction
coefficient is shown by the red line, with the values being used for comparison of the
friction in an air environment and in Ringer’s lactate solution.
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Figure 9a shows the friction coefficients for the tribological pairs consisting of the
SS316L sphere and the SS316L plates with and without DLC, immersed in Ringer’s lactate
solution. The friction coefficient for the SS316L in the solution was 0.34 ± 0.11, while
the value decreased to 0.04 ± 0.02 for the pair composed of the SS316 sphere and the
SS316L+ DLC plate, representing a reduction of 88%.

Figure 9b shows that during the tribocorrosion in reciprocating mode, the bare SS316L
sample (blue line) presented an abrupt decrease of the OCP from 0 to −0.35 V, indicating
the removal of passive protection due to wear damage, with an increased tendency for
corrosion on the wear track. This effect was also observed for the SS316L+DLC sample,
although the OCP decrease was only −0.1 V, demonstrating that the DLC coating provided
increased resistance to corrosion.

Figure 9c shows the friction coefficient plots for the pairs consisting of the Ti6Al4V
sphere and the Ti6Al4V plates with and without DLC, in Ringer’s lactate solution. The
mean friction coefficient obtained using the plate without DLC was 0.35 ± 0.05, while a
value of 0.05 ± 0.02 was obtained using the DLC-coated Ti6Al4V plate, representing a
reduction of 85%.

The friction test results for the Ti6Al4V and SS316L substrates with and without DLC
coatings show that the protective DLC coating reduced the friction in both cases, with
similar values obtained, considering the error bars.

For the DLC-coated Ti6Al4V sample, the initial OCP was around +0.4 V, with a slight
change to around +0.3 V during the tribocorrosion test (Figure 9d, black line). The positive
potential value showed that corrosion protection was maintained after the sliding test. This
indicates that the Ti6Al4V sample had better corrosion protection than the SS316L substrate,
since the latter presented a rapid decrease in OCP from 0 to −0.35 V, indicating the removal
of passive protection and susceptibility to corrosion.

In terms of tribocorrosion susceptibility, the results (Figure 9b,d) show that the Ti6Al4V
was two times more susceptible to corrosion than SS316L, while the presence of the DLC
coating provided greater protection to Ti6Al4V, compared to SS316L, since the potential
showed a more significant decrease for SS316L compared to Ti6Al4V. The different behav-
iors of the DLC films as protective coatings could be related to an effect of the surface
roughness, which differed for the two substrates (Figure 6).

Titanium alloy (Ti6Al4V) is more resistant to corrosion in Ringer’s lactate solution,
compared to stainless steel (SS316L). This is due to the formation of a passive layer on the
surface of the titanium alloy, which prevents further corrosion. On the other hand, SS316L
can corrode in Ringer’s lactate solution because chloride ions react with the iron in stainless
steel, leading to pitting corrosion. As shown in Table 1, SS316L is composed of 59.46%
iron, indicating a probable interaction with chloride ions during the reciprocating mode
tribocorrosion tests.

In previous work with titanium nitride thin films grown on titanium during different
deposition times, it was observed that an increased thickness provided better corrosion
protection and wear resistance [34]. Corrosion protection is related to an absence of pores
in the coating. In thin films, discontinuities and the presence of high pore concentrations or
dimples provide corrosion pathways that lead to the failure of the coating.

3.6. Crystal Violet Assays

Figure 10 shows the results of the crystal violet assays of cell viability after 24 and
48 h for the control, SS316L, SS316L+DLC, Ti6Al4V, and Ti6Al4V+DLC groups. At 24 h,
the Ti6Al4V group showed a statistically significant difference from the control group
(p < 0.0001); however, there was no significant difference between the Ti6Al4V+DLC and
control groups, indicating similar cellular growth. For the 48 h exposure, the Ti6Al4V
group presented a statistically significant difference to the control group (p < 0.0001),
with decreased cell viability. The higher cell viability value at 48 h reflected cell divi-
sion that occurred after the 24 h period. The Ti6Al4V+DLC group was not statistically
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different from the control, indicating that these groups remained constant regarding
cell proliferation.
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For the 24 h period, the cell viability of the SS316L group was significantly different in
comparison to the control group (p < 0.0001); however, the 316L+DLC group showed no statis-
tical difference from the control group, indicating that cell proliferation remained unchanged.

For the 48 h period, the cell viability of the SS316L group was significantly lower
compared to the control group (p < 0.0001), with the lower value at 48 h indicating a
toxic environment that led to cell death. The SS316L+DLC group showed no statistically
significant difference from the control, consequently remaining the same regarding cell
proliferation. For both metal substrates, the presence of the DLC film increased the cell
viability, resulting in values equal to the control. The significantly lower (p < 0.0001) cell
viability values for the uncoated SS316L and Ti6Al4V indicate that these materials were
unsuitable for cell growth.

3.7. Mitochondrial Activity

Figure 11 presents a plot illustrating Mitochondrial Activity at 24 and 48 h, evaluated
using the MTT assay for both Ti6Al4V and Ti6Al4V+DLC samples. The results demonstrate
that there were no statistically significant differences in cell death compared to the control
group during the 24 h evaluation period. Similar outcomes were observed during the 48 h
period, suggesting that cell metabolism, which involves chemical reactions and energy
production for cell function, was comparable across these groups.
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On another hand, the mitochondrial activity data highlight that the SS316L and
SS316L+DLC groups exhibited statistically significant differences from the control group
(p < 0.0001) for both the 24 and 48 h periods. The results for the SS316L group were consis-
tent with the crystal violet assay, indicating an increased level of cell death. Conversely,
the results for the SS316L+DLC group indicated that, although the cells showed behavior
similar to the control group in the crystal violet assay, with no notable difference in cell
death, mitochondrial activity occurred at a lower level, implying cellular adaptation to
the environment.

3.8. Micronucleus Assays

Many materials can cause damage to the complex structure of DNA, resulting in
the formation of micronuclei, which are small chromosomal fragments dispersed outside
the nucleus. Ethyl methanesulfonate (EMS) is a mutagenic substance that can cause the
formation of micronuclei after contact for extended periods, enabling its use as a positive
control [35].

The results of the micronucleus assays are shown in Figure 12. For the 24 h period,
in comparison to the control group, the Ti6Al4V+DLC, SS316L, and EMS groups showed
statistical differences (p = 0.0190, p < 0.0001, and p < 0.0001, respectively), while no statistical
differences were observed for the Ti6Al4V and SS316L+DLC groups. This heterogeneity
of the data was due to a period of adaptation of the cells to the exposure environment.
The EMS group (control for micronuclei formation) presented statistical differences when
compared to the control, SS316L, and SS316L+DLC groups (p < 0.0001, p < 0.0001, and
p < 0.0001, respectively); however, a possible explanation for this observation is the absence
of micronucleus formation during the 24 h exposure period, since the action is closely
linked to the cycle time of the animal cell, which is typically around 24 h.
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podia are primary finger-like structures that extend up to 0.3 µm and have the function of 
cell mobility and spreading. The lamellipodia are structures containing sealed filopodia 
in the presence of actin. It can be seen from Figure 13 that the L929 cells were more con-
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Figure 12. Results of the micronucleus assays after exposure of the cells to the Ti6Al4V and SS316L
samples, with and without DLC coatings, for periods of 24 and 48 h.

For the 48 h period, a statistically significant difference was observed between the
Ti6Al4V group and the control group (p < 0.0001); however, the Ti6Al4V+DLC, SS316L,
and SS316L+DLC groups showed no significant difference when compared to the control
group. In comparison to the EMS group, all the other groups were significantly different,
evidencing probable non-genotoxicity, considering the substantial micronucleus forma-
tion in the EMS group, while much lower micronucleus formation occurred in the other
sample groups.

Figure 13 shows SEM images, at 3000×magnification, of the L929 cells on the Ti6Al4V,
Ti6Al4V+DLC, SS316L, and SS316L+DLC substrates. The yellow arrows indicate filopodia,
while the red arrowheads indicate lamellipodia. The lamellipodia and filopodia are protu-
berant extensions originating from the membrane of a cell. Lamellipodia are membrane
extensions with several filopodia joined by actin. These structures are formed by the action
of a protein that forms microfilaments, with the presence of actin leading to the filopodia
becoming sealed in a sheet-like network structure. According to Mattila [36], the difference
between lamellipodia and filopodia is in the size of the extension. The filopodia are primary
finger-like structures that extend up to 0.3 µm and have the function of cell mobility and
spreading. The lamellipodia are structures containing sealed filopodia in the presence
of actin. It can be seen from Figure 13 that the L929 cells were more consolidated in the
Ti6Al4V samples (with and without DLC). In the case of the bare SS316L sample, the cells
presented low spreading and appeared to grow in a vertical direction. A comparison of
the images for the DLC-coated substrates indicated that there was cell preference for the
Ti6Al4V+DLC coating.



Coatings 2023, 13, 1549 18 of 20Coatings 2023, 13, x FOR PEER REVIEW 19 of 21 
 

 

 
Figure 13. SEM images of L929 cells on (a) Ti6Al4V, (b) Ti6Al4V+DLC, (c) SS316L, and (d) 
SS316L+DLC. All the images were taken at 3000× magnification. The yellow arrows and red arrow-
heads indicate filopodia and lamellipodia, respectively. 

4. Conclusions 
The deposition of DLC coatings on 316L steel and Ti6Al4V alloy, using the same pa-

rameters, and with acetylene gas as a carbon precursor, produced coatings composed of 
hydrogenated amorphous carbon containing 80% graphite rings and open chains in its 
structure. 

The carbon bonds presented sp2 hybridization, with graphite-type characteristics, 
while sp3 hybridization was obtained from C–C/C–H and C–O–C bonds. Both sp2 and sp3 
were detected by XPS in the regions of 284 and 285 eV [28,29,37,38]. The thickness of the 
DLC coating on SS316L was 1.59 µm, with a growth rate of 0.013 µm/min. For the Ti6Al4V 
substrate, the DLC coating thickness was 1.33 µm and the growth rate was 0.011 µm/min. 
Both growth rates were as expected for DLC films produced by PECVD processes. 

The hardness of the DLC coatings was in the range of 23–26 GPa, which provided 
mechanical resistance up to −20 N in scratch tests, without substrate exposure. 

Friction tests showed that the DLC with 80% of the carbon in its structure distributed 
between carbon rings and open chains increased the mechanical strength and provided 
lubrication. The friction coefficient was reduced by an order of magnitude, compared to 
the samples without coatings. 

Tribocorrosion analyses performed using the samples with and without DLC coat-
ings and immersed in Ringer’s solution demonstrated that the coatings provided corro-
sion protection in both static and dynamic modes, reducing the corrosion potential and 
the friction coefficient. 

The use of in vitro biological analyses showed non-cytotoxicity of the DLC-coated 
samples during periods of 24 and 48 h; however, exposure to the uncoated Ti6Al4V or 
SS316L led to cell death. In addition, a micronucleus analysis showed minimal genotoxic 
potential, especially for the DLC coatings. It could be concluded that the DLC coatings 
presented suitable properties of interaction and biocompatibility when exposed to the cel-
lular environment, together with low friction and high hardness, making them suitable 
for use on fixed implants. It is necessary to control the thickness and roughness of the 
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4. Conclusions

The deposition of DLC coatings on 316L steel and Ti6Al4V alloy, using the same
parameters, and with acetylene gas as a carbon precursor, produced coatings composed
of hydrogenated amorphous carbon containing 80% graphite rings and open chains in
its structure.

The carbon bonds presented sp2 hybridization, with graphite-type characteristics,
while sp3 hybridization was obtained from C–C/C–H and C–O–C bonds. Both sp2 and sp3

were detected by XPS in the regions of 284 and 285 eV [28,29,37,38]. The thickness of the
DLC coating on SS316L was 1.59 µm, with a growth rate of 0.013 µm/min. For the Ti6Al4V
substrate, the DLC coating thickness was 1.33 µm and the growth rate was 0.011 µm/min.
Both growth rates were as expected for DLC films produced by PECVD processes.

The hardness of the DLC coatings was in the range of 23–26 GPa, which provided
mechanical resistance up to −20 N in scratch tests, without substrate exposure.

Friction tests showed that the DLC with 80% of the carbon in its structure distributed
between carbon rings and open chains increased the mechanical strength and provided
lubrication. The friction coefficient was reduced by an order of magnitude, compared to
the samples without coatings.

Tribocorrosion analyses performed using the samples with and without DLC coatings
and immersed in Ringer’s solution demonstrated that the coatings provided corrosion
protection in both static and dynamic modes, reducing the corrosion potential and the
friction coefficient.

The use of in vitro biological analyses showed non-cytotoxicity of the DLC-coated
samples during periods of 24 and 48 h; however, exposure to the uncoated Ti6Al4V or
SS316L led to cell death. In addition, a micronucleus analysis showed minimal genotoxic
potential, especially for the DLC coatings. It could be concluded that the DLC coatings
presented suitable properties of interaction and biocompatibility when exposed to the
cellular environment, together with low friction and high hardness, making them suitable
for use on fixed implants. It is necessary to control the thickness and roughness of the
coating in order to avoid pinholes and increase the corrosion protection of implants. The
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use of these DLC coatings with low friction coefficients could facilitate the fixation of
implantable pins and screws, including Kirschner wires.

Finally, is important to note that this paper shows a novel approach because the
functioning of joints is very complex; there is a lot to study to improve the joint range
movement that decreases with increasing age. Flexibility needs to be maintained with
collagen production, as it keeps the skeletal system flexible. Many aged people do not
replace hormones and their reduction contributes to collagen reduction, as well as limited
range of movement. In addition, physical exercise is mandatory for people of all ages to
maintain their range movement and help with natural hormone repositioning.
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