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Tantalum carbide (TaC), hafnium carbide (HfC), and Ta-Hf-C mixed coatings with and without a gold (Au) interlayer were
deposited on 316LVM steel substrates by the magnetron cosputtering technique in order to improve the corrosion resistance of steel
substrates in a simulated biological fluid. To study the effect of the gold interlayer on pitting corrosion, the different systems were
placed in contact with Ringer’s solution at pH 7.4 and a temperature of 37°C. The electrochemical properties of the coatings were
determined using polarization curves. Subsequently, the surface morphologies were observed using scanning electron microscopy
(SEM) in order to analyze the corrosion processes on the different surfaces. The gold interlayer was found to significantly improve
the electrochemical properties of the system, showing a decrease in the pitting corrosion and deterioration rate, while it is expected

that the binary and ternary carbides provide mechanical stability to the bilayers protecting the gold.

1. Introduction

The constantly evolving human body is a biological system
that responds to stimuli and reaches a state of homeostasis [1-
3], in which all organs and tissues are maintained in equilib-
rium with the performance of the system. The internal envi-
ronmental variables of the body, including temperature, pres-
sure, pH, and ion concentration, vary following very specific
behaviors to prevent any type of malfunction that could result
in serious medical complications [4-7]. In addition, the body
identifies foreign agents, which are subsequently attacked
by the immune system to maintain the internal balance of
the system. For this reason, not just any material can be
implanted into the human body because if the material does
not demonstrate a set of characteristics, such as biocompati-
bility, good corrosion resistance, and mechanical wear resis-
tance, the presence of the material could alter the above-
mentioned environmental variables and thereby cause harm,
which can range from cell damage to partial damage to the
organs and surroundings of the system [8, 9].

Over time, new materials that do not affect the perfor-
mance of the human body and can thus be utilized as bioma-
terials, specifically in orthopedics, have been developed [10-
12]. Titanium and its different alloys are commonly used in
prosthesis fabrication because these materials possess charac-
teristics such as high corrosion resistance, favorable biocom-
patibility, and good mechanical features that allow the use of
titanium in a wide range of applications [13-16]. Nevertheless,
due to the increasing demand, there is an urgent need for new
studies of different materials that could satisfy the current
market demand [17, 18].

To date, materials such as Ta and Nb and their alloys and
thin films have achieved high acceptance in the biomaterials
field due to their good corrosion resistance and their ten-
dency to be inert in the human body [19-24]. However, the
corrosive processes that occur in the body are highly aggres-
sive due to the high chloride ions concentration, which can
contribute to accelerated degradation of biomedical implants.
During accelerated degradation, some ions could be released
(depending on the implant material), which could influence
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the acidification of the system and result in deterioration of
the implants [25, 26].

Different types of corrosion, including crevice corrosion,
intergranular corrosion, and pitting corrosion, can affect an
implant. Pitting corrosion largely affects stainless steel that
is exposed to extreme conditions, such as those found in
biological fluids. Even though stainless steel is widely used
in surgical instrumentation, the use of stainless steel as a per-
manent implant exhibits a highly degradative process that can
be attributed to pitting corrosion. This phenomenon consists
basically of local anodic zones that, in the presence of a con-
stant potential and increasing current, cause the material to
deteriorate, which leads to a decrease in mass, degrades the
material into a hole-like shape, and results in failure of the
component [17, 27]. Recently, Marciniak et al. [28] reported
on the improvement of the corrosion resistance of the
316LVM stainless steel by modifying its surface with passive
carbon coatings. The authors showed that the coated steel
presented high resistance to pitting and crevice corrosion,
besides good biocompatibility. On the other hand, Liu et al.
[29] have shown that 316LVM steel stents coated with TiO,
layers presented better passivation stability and antibreak-
down performance than bare stents in a phosphate buffered
solution. In general, the surface modification of the 316LVM
stainless steel seems to be one of the solutions to improve its
corrosion resistance in physiological conditions in order to
be used as human implants [30, 31].

Gold, silver, and platinum are considered noble materials
because they are inert to the environment. It is difficult to gen-
erate an oxidation process on the surface of these elements.
Therefore, these types of materials can be useful as protective
barriers against corrosive processes and could mitigate pitting
and prevent degradation of the implant [12, 15].

This study evaluates the corrosive behavior of 316LVM
steel substrates with different combinations of Ta-Hf-C with
and without an intermediate gold layer, which was deposited
using the nonreactive magnetron sputtering technique, with
the aim of improving the corrosion resistance of steel sub-
strates in a simulated biological fluid.

2. Experimental

Ta-Hf-C and Ta-Hf-C/Au bilayers were deposited on silicon
(100) and AISI 316LVM steel substrates through the nonreac-
tive magnetron sputtering technique using an AJA-ATC 1800
UHV system with a base pressure of 10~ Pa. For deposition
of the thin films, we used individual targets with the following
conditions: diameter, 5.08 cm; carbon (C) purity, 99.999%;
purities of the Au, Ta, and Hf targets, 99.95%; confocal con-
figuration; and deposition pressure of 0.4 Pa of pure argon.
The gold films, which have a thickness of approximately
0.8 um, were deposited at room temperature with substrate
rotation of 80 rpm for 20 minutes and an applied direct
current (DC) power of 150 W to the gold target. Prior to
the deposition of the films, the substrates were cleaned with
ethanol and then with plasma at a radio frequency (RF) power
of 25 W and a pure argon pressure of 4 Pa for 10 minutes. To
improve the adhesion of the gold films, a metallic layer of Ta-
Hf with a thickness of approximately 20 nm was deposited
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between the gold and the stainless steel by applying RF power
of 100 W to each Ta and Hf target.

Finally, Ta-Hf-C films with different thicknesses and
compositions were deposited by varying the RF power
applied to the Ta and Hf targets (100 W-0W, 70 W-30 W,
30 W-70 W, and 0 W-100 W, resp.) and maintaining the DC
power in the carbon target fixed at 380 W. The Ta-Hf-C thin
films were deposited at a substrate temperature of 300°C with
a negative bias RF voltage of 50 V and at a target-substrate
distance of 15 cm; the deposition time for the Ta-Hf-C films
was 2 hours.

The coating thickness and cross-sectional morphology
were determined using a scanning electron microscope
(SEM; JEOL JSM-6490LV). A Zeiss Sigma Family field emis-
sion SEM was used for the corrosion and energy dispersive
X-ray spectroscopy (EDS) analyses.

After short etching of the sample surface with Ar+
ions at an energy of 3kV to remove contamination, X-ray
photoelectron spectroscopy (XPS) analyses were performed
using a SAGE HRI100 (SPECS) with a nonmonochromatic
source (Mg Ka 1253.6 eV).

To evaluate the corrosion resistance under static condi-
tions, a potentiostat was used with the Tafel technique (Ref-
erence 600™, Gamry Instruments Inc.). These tests were per-
formed at a temperature of 37 + 0.2°C using Ringer’s balanced
salt solution as an electrolyte to simulate the physiological
conditions of the human body and at pH of 7.4. The assembly
consisted of a composite cell with a platinum counter elec-
trode, an Ag/AgCl reference electrode, and the coated spec-
imens with an exposed area of 1cm? as working electrodes.
The polarization curves were measured after 1 hour of immer-
sion with a sweep rate of 1mV/s and at a voltage range from
—250 mV to +1250 mV with respect to the corrosion potential
(Eore)- These curves allow the calculation of the chemical
reactivity and corrosion rate of each of the coatings. The
values of the corrosion rate (V) were calculated from the
Tafel slopes, and the corrosion current density (I,.) values
in the potential range of £250 mV with respect to E_,., were
calculated from the anodic polarization curves.

3. Results and Discussion

3.1. Cross-Sectional Scanning Electron Microscopy (SEM).
Figure 1 shows the cross section of the different Ta-Hf-C/Au
bilayers deposited onto silicon substrates. The images show
that the Au films exhibit a very dense structure with a planar
surface and no discontinuities between the interfaces of the
Au film, the Ta-Hf metallic adhesion layer, and the Si sub-
strate. However, the Ta-Hf-C coatings show a clear columnar
structure with some cracks between the coatings and the Au
film, indicating the low affinity of gold for the carbides. This
columnar structure has been observed recently by Lasfargues
et al. [32] for HfC and TaC coatings with different carbon
contents and seems to be inherent to the carbide structure.

The thicknesses of the Ta-Hf-C coatings were determined
from the cross-sectional SEM images and are listed in Table 1.
The TaC films are slightly thicker due to the higher sputtering
yield of tantalum compared with that of hatnium [33].
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TaBLE 1: RF applied power to the Ta and Hf targets and the thicknesses and TaC and HfC phase contents determined through XPS analyses.

Sample RF power, Ta target (W) RF power, Hf target (W) Thickness (ym) TaC at.% HfC at.%
TaC 100 0 1.6 100 0
70TaC-30HfC 70 30 11 75 25
30TaC-70H{C 30 70 1.1 21 79
HIC 0 100 1.4 0 100

(c)

(d)

1 pym

1pym

FIGURE I: Cross-sectional SEM images of the as-coated samples showing the Au intermediate layer with the different Ta-Hf-C coatings: (a)

TaC, (b) 70TaC-30HfC, (c) 30TaC-70HfC, and (d) HfC.

3.2. X-Ray Photoelectron Spectroscopy (XPS). Figure 2 shows
the XPS Ta 4f and Hf 4f spectra of the TaC, HfC, and Ta-
Hf-C mixture samples. The main Ta 4f;,, and Hf 4f,, peak
positions are located at approximately 23.3 and 14.8 eV and
can be attributed to TaC [34] and HfC [33] carbide bonds,
confirming the presence of carbides in their pure form. From
the area of the photoelectron peaks, it was also possible to
estimate the TaC and HfC phase contents in the mixture sam-
ples, and these values, which are listed in Table 1, demonstrate
that the TaC and HfC contents are almost correlated to the RF
power applied to the Ta and Hf targets. This indicates that the
chemical composition of the samples can be easily controlled
by adjusting the deposition parameters.

3.3. Corrosion Studies. Figure 3 shows the potentiodynamic
polarization curves of the different samples. In general, the
corrosion processes were established to maintain the stability
of the carbide layers in zone II, where many localized cor-
rosion phenomena (pitting) occurred in the system without
the gold interlayer; the analyses of the samples with the

Ta 4f5/2
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FIGURE 2: High resolution XPS spectra of the different samples.
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30HfC with and without the gold layer.
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TABLE 2: Chemical composition of the 316LVM stainless steel.

Fe Cr Ni Mo Mn Si S C

61.79% 18.9% 13.2% 3.6% 1.7% 0.75% 0.03% 0.03%

(c)
FIGURE 4: SEM micrographs of the different samples after the corrosive attack: (a) TaC, (b) HfC, (c) 30TaC-70HfC, and (d) 70TaC-30HfC.

interlayer show that this interlayer acts as a protective layer
that dissolves at a regular rate in zone L

316LVM steel presents poor corrosion resistance due to
chlorine (pitting corrosion) because the attack is localized in
a reduced area, which deepens at a rapid pace, causing an
increase in the current density at a constant potential. The
chemical composition of the 316LVM stainless steel is shown
in Table 2. It is well known that steel with a high content of
Cr, as in this case, could help to create a passive layer that
protects the steel from pitting corrosion. Nevertheless, in the
presence of Ringer’s Lactate saline solution, the formation of
these layers is less favored, and therefore the pitting corrosion
occurs. This type of attack occurs only on materials that work
at a potential (corrosion potential, E_,,,) higher than a certain
critical value, which is known as the pitting potential (E,;)
and depends on the composition of the metallic material. The
behaviors of the coatings show a barrier effect; as a result, the
corrosion processes were decreased in the samples, and the
corrosion potential increased in proportion to the amount of
carbides in the mixture. In other words, protective layers were

formed on the material, making the corrosion potential more
positive.

The samples without a gold interlayer exhibited a different
behavior in the passive layer, resulting in a markedly lower
pitting corrosion potential and thereby generating a steady
growth of pits on the material surface, as can be seen in the
SEM images in Figure 4. The maximum potentials at which
the coating can operate without propagating the phenomena
to the entire surface are the following: for TaC, 0.38 V versus
Ag/AgCl; for HfC, 0.63 V versus Ag/AgCl; for 70TaC-30HfC,
0.58V versus Ag/AgCl; for 30TaC-70HfC, 0.92V versus
Ag/AgCl. The dissimilar behavior of the carbides is caused
principally by the difference in potentials among them. As a
result, HfC is electrochemically less reactive in the corrosive
process than TaC; thus, in the combinations, HfC works as a
cathode, and the surrounding TaC dissolves and works as an
anode.

The corrosion current, corrosion potential, and corrosion
rates are listed in Table 3, while Figure 5 shows the corrosion
potentials of the bilayers and the corresponding values of the
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TABLE 3: Corrosion parameters obtained from the Tafel analyses for the 316LVM stainless steel substrate, the gold layer, and the Ta-Hf-C/Au

bilayers.
Sample I, (nA/cm?) E.... (mV versus Ag/AgCl) Corrosion rate (-10~> mm/yr)
316LVM 840.7 -180.0 22.37
Au 40.4 -53.0 1.07
HfC/Au 130.0 7.32 3.47
TaC/Au 462.0 —-84.6 12.30
30TaC-70HfC/Au 417.0 -30.9 11.10
70TaC-30HfC/Au 176.0 -171 4.69
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F1Gure 5: Comparison of different potentials obtained for samples
with and without the gold interlayer.

pure gold, steel substrate, and individual Ta-Hf-C layers. As
illustrated, in all cases, the bilayer samples presented higher
potentials than the Ta-Hf-C layers without the Au interlayer.
The HfC showed the noblest potential among the samples and
thus the greatest protection, whereas, as expected, the steel
substrate presented the worst corrosion behavior. This better
corrosion resistance in the HfC carbide, compared to the TaC,
can be attributed to a higher structural stability, as recently
reported by Lasfargues et al. [32]. However, the comparison
of the 30TaC-70HfC and 70TaC-30HfC samples revealed that
the sample with the highest percentage of Ta exhibited a
better potential because the addition of HfC improves the
response to corrosive processes, and this result is attributed to
the better performance of the HfC sample. Nevertheless, the
addition of Ta to the sample with the highest percentage of
Hf considerably decreased the corrosion resistance, demon-
strating that even though Ta is a good alloying agent when
the system presents good resistance to corrosion, the addition
can cause a decrease in the response of the sample to corrosive
processes.

As shown in Figure 6, which illustrates the corrosion rates
of all the samples, all of the bilayer samples with the gold

—0—  With gold layer
—o— Without gold layer

FIGURE 6: Corrosion rate for all the systems with and without the
interlayer of gold.

interlayer show improved corrosion resistance compared
with the corresponding TaC, HfC, and Ta-Hf-C samples
without the gold interlayer. Additionally, none of the bilayer
samples showed pitting corrosion when exposed to Ringer’s
solution. This result is attributed to a reduction in the
electrochemical potential due to the presence of the Au inter-
layer, which decreases the potential difference between the
substrate and the coating. It is worth noting that all the bilayer
samples showed a higher corrosion rate than the pure Au film,
which can be explained by the formation of a heterogeneous
structure in the gold-carbide interface. A similar behavior has
been previously reported for the addition of Au and Pd in
CoCr-based alloys which led to a significant decrease in the
corrosion resistance compared to pure CoCr alloys due to the
formation of heterogeneous precipitates [35].

The gold interlayer improves the corrosion resistance,
even though the stability of the material depends strongly
on the protective carbide layer. Nevertheless, it constitutes
an appropriate system for improving corrosion resistance
(pitting corrosion) in Ringer’s solution because, in every case
tested, the resistance to a localized attack was decreased
due to the nonreactive nature of the material. Therefore, the
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(d)

FIGURE 7: SEM micrographs of the different samples after the corrosive attack: (a) 316LVM steel, (b) Au, (c) TaC/Au, (d) HfC/Au, (e) 30TaC-
70HfC/Au, and (f) 70TaC-30HfC/Au. The numbers show the points where the EDS analyses were performed.

coatings present higher resistance to corrosion in a solution
with chloride ions.

The Au layer itself has a homogeneous structure free of
pores, which allows protection of the substrate, improves the
corrosion potentials, and makes these coatings an interesting
case study for possible application as a biomaterial. However,
Au and steel have very different corrosion potentials. If the Au
surface shows damage or imperfections due to its low hard-
ness, the steel is left exposed, forming a galvanic corrosion
cell that intensifies the pitting corrosion. In the samples with
Ta-Hf-C/Au bilayers, the good mechanical and tribological
properties of the carbide layer [36] are expected to protect
the Au interlayer.

3.4. SEM after Electrochemical Tests. As a natural response
of the AISI 316LVM stainless steel in a saline solution of
8 g/L NaCl, the typical phenomenon of pitting corrosion was
observed through surface characterization after 1 hour of
immersion. The micrograph in Figure 7(a) shows localized
deterioration due to the generation of anodic zones, which
indicates superficial pitting, corroborating the presence of a
constant potential with a current increase in the anodic zone
of the potentiodynamic polarization curve as was previously
shown. To perform a better analysis of the area of interest,
measurements using EDS were performed on two different

points to obtain further information regarding the phe-
nomena occurring on the surface of the material. After the
corrosive attack, a significant decrease in iron and chromium
and an increase in oxygen in point 2 are observed, when
compared to point 1 (Table 4). This indicates the degradation
processes of surface oxidation and correlates with increased
levels of oxygen in areas where the deterioration is still occur-
ring. Similarly, a high C percentage was found in the 316LVM
steel which can be attributed to atmospheric contamination
when the sample was exposed to air.

The gold surface, on the other hand, showed a homoge-
nous surface without deterioration caused by the corrosive
processes, as observed in Figure 7(b). A high content of
oxygen in point 1 was demonstrated by EDS and is related to
a chemical oxidation-reduction response in which the gold
presents more positive potentials compared with other ele-
ments due to its noble behavior, making the reaction process
with oxygen more difficult and thereby allowing its accumu-
lation on the surface. In addition, dissolution induced by lac-
tate particles in Ringer’s solution on the surface of the mate-
rial can be observed, and this process can be attributed to the
presence of elements such as sodium, potassium, chlorine,
and calcium, as detailed in Table 4. For the measurements
in point 2, the EDS analysis showed high levels of sodium
and chlorine. Moreover, oxygen and gold show a considerable
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TABLE 4: Atomic percentages obtained by EDS.
Elements 316LVM Au TaC HfC 30TaC-70HfC 70TaC-30HfC
Zone 1 Zone 2 Zone 1 Zone 2 Zone 1 Zone 2 Zone 1 Zone 2 Zone 1 Zone?2  Zonel Zone 2
C 15.4 18.6 — — 45.2 — 41.8 33.6 — — — —
(0] 3.0 5.8 48.8 8.3 6.8 9.2 20.7 15.9 15.6 22.4 17.7 —
Si L1 1.0 — 0.7 — — — — — — — —
Cl 0.5 1.2 1.6 43.9 12.2 37.9 5.5 2.3 33.2 15.0 31.8 60.2
Cr 16.6 14.6 0.7 — — — 0.7 1.4 0.7 — — —
Mn 1.3 1.2 — — — — — — — — — —
Fe 55.0 49.3 — — — — — — — — — —
Ni 58 52 — — — — — — — — — —
Cu 0.9 2.8 — — — — — — — — — —
Na — — 115 44.1 10.6 373 39 1.7 234 18.6 22.8 39.6
K — — 1.8 — — 0.5 — — — — — —
Ca — — 4.1 — — 1.0 — — — — — —
Au — — 313 2.7 — — 4.8 34.1 — 35.8 — —
Ta — — — — 25.1 13.9 — — 7.0 1.0 18.6 —
Hf — — — — — — 22.2 10.7 19.9 7.0 8.9 —
Total 100

decrease compared to point 1, indicating the dissolution of
solid particles in the analyzed surface. A correlation based
on the topography of the surface and the polarization curves
demonstrates that the gold film functions as a protective
barrier to mitigate pitting corrosion and allows only active
dissolution in the anodic form of the curvature and particles
on the surface.

The behavior observed in the TaC/Au sample was similar
to that exhibited by the Au film, with a homogeneous surface
with no signs of damage caused by corrosive processes but
higher dissolution of particles, as demonstrated in Fig-
ure 7(c). The correlation of the polarization curves with the
micrograph revealed that a greater amount of particle disso-
lution in the surface would cause a higher corrosion rate, gen-
erating faster degradation of the coating. The EDS analysis of
point 1 shows a high content of Ta followed by C, Cl, Na, and
O, as detailed in Table 4. The high levels of C might be related
to the deposition of the carbides and the migration of C atoms
to the surface. The EDS analysis in point 2 revealed the com-
position of the particles found on the surface and confirmed
the presence of Au due to degradation of the Ta film.
However, the gold interlayer or the substrate signals were not
detected, and the results revealed only elements such as Na,
Ca, K, and Cl corresponding to the solution, which presented
considerable increases with respect to measurements on
point 1 and a decrease in the percentage of atomic Ta.

The micrograph obtained after the corrosion tests in the
HfC/Au sample showed intense surface degradation, as
shown in Figure 7(d). The coating shows evidence of microc-
racking, and, at certain points, partial dissolution of the thin
film was perceived. The correlation of the polarization curves
showed that the coating exhibits a tendency to undergo
pitting. However, due to the presence of the Au interlayer, the
degradation continued homogeneously. Even in the presence
of severe surface damage due to the corrosion process,

the degradation rate of this sample was the best after the
gold sample, indicating that, despite the damage caused by
this phenomenon, the film with the gold layer protects the
substrate, reducing degradation due to pitting corrosion. As
shown in Table 4, point 1 subjected to EDS analysis shows a
high presence of C, Hf, and Au corresponding to the thin film,
O generated in oxidation processes, and Na and Cl, which are
present in the solution. In point 2, a decrease in C, O, Na,
Cl, and Hf and a considerable increase in Au were observed
with respect to the data obtained in point 1. This decrease can
be related to dissolution of the HfC layer, which exposes the
gold.

Figure 7(e) shows the micrograph obtained for the
30TaC-70HfC/Au sample, which presents a homogeneous
area without apparent damage on the surface. In general,
some particles generated by the corrosion assays were
observed. With the addition of TaC, the topography does
not show any of the cracking observed in the HfC sample.
Nevertheless, this addition generates more negative corrosion
potentials and a higher corrosion rate compared with the HfC
sample. The results of the EDS measurements are shown in
Table 4 and show the presence of Hf and Ta related to the
thin film, Na and CI attributed to the solution, and O due
to redox reaction in point 1. The analysis in point 2 suggests
dissolution of the film, and this finding is corroborated by the
values obtained from the EDS analysis. In addition, a large
decrease in elements such as Na, CI, Hf, and Ta was observed
in this case. Partial dissolution in certain areas of the 30TaC-
70HfC layer was confirmed by the appearance of Au. Even
with the evidence of Au, Cr and Fe were not detected, which
indicates improved performance against corrosive processes
due to the improved electrochemical response of this system.

The SEM micrograph shown in Figure 7(f) indicates that
the 70TaC-30HfC/Au sample does not present significant
damage. Additionally, the response to the corrosive process is
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evidenced in the polarization curve, and the coating presents
alow corrosion rate and a potential closer to zero. The analysis
in point 1 shows a high content of Na and Cl attributed
to the solution. Furthermore, the presence of Ta and Hf
was detected in the film, and the presence of O in solution
and the occurrence of redox processes were evidenced. The
absence of gold indicates that the corrosive processes were
not sufficiently aggressive to degrade the film. The analysis
in point 2 shows an increment in the content of Na and CI,
suggesting that this region corresponds to a salt particle that
was dissolved.

4. Conclusions

In this work, we successfully deposited binary and ternary
Ta-Hf-C and Ta-Hf-C/Au bilayers through the magnetron
cosputtering technique on AISI 316LVM steel substrates.

The electrochemical properties of the coatings were stud-
ied in Ringer’s solution to simulate the physiological condi-
tions of the human body. We found that the Au interlayers had
a major effect on preventing the pitting and enhancing the
corrosion resistance of the binary and ternary Ta-Hf-C layers.

The Au layer has a homogeneous structure free of pores,
which provides protection to the substrate. Among the
combinations of substrate/Au interlayer and the Ta-Hf-C
layers, the HfC/Au bilayer exhibited the noblest potential and
the lowest corrosion rate and demonstrates its potential for
biomedical applications.
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