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Tailoring the performance of
DLC coatings through interlayer
engineering
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Diamond-like carbon (DLC) coatings have been widely studied for their exceptional hardness, low
friction, and excellent wear and corrosion resistance, making them highly attractive for biomedical
and industrial applications. However, their practical implementation is often hindered by internal
stress and poor adhesion to metallic substrates. In this study, the effect of interlayers including
plasma nitriding (PN), zirconium nitride (ZrN), and tantalum nitride (TaN) on the microstructure, wear
behavior, and corrosion resistance of DLC coatings was investigated. FESEM images revealed a high
density and uniformity of the DLC coatings in all three samples, with crack-free and pore-free surfaces.
AFM analysis indicated that the ZrN + DLC and TaN + DLC samples, with surface roughness values of
3.42 nm and 3.31 nm respectively, exhibited smoother surfaces compared to the PN + DLC sample,
which had a roughness of 42.34 nm. Wear testing showed that the TaN + DLC sample exhibited the
lowest weight loss (8 mg) and wear rate (0.001901 mm3/N-m). Moreover, impedance curves indicated
the highest corrosion resistance in the TaN + DLC sample. These findings demonstrate that the
incorporation of ZrN and TaN interlayers significantly enhances the surface characteristics, particularly
surface roughness and structural uniformity, along with the wear and corrosion resistance of DLC
coatings.
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Surface engineering plays a crucial role in enhancing the properties of materials and extending their service life.
This field is of significant interest across various industries, particularly in healthcare, dentistry, and laboratory
settings. Medical and laboratory instruments, due to their constant exposure to corrosive environments and
sterilization processes, are prone to surface damage and degradation. The presence of surface defects can lead to
contamination buildup and compromised safety. In this regard, the application of advanced coatings presents a
promising solution to address these challenges'.

Diamond-like carbon (DLC) coatings are considered one of the most prominent surface engineering
technologies. These coatings are widely used in surgical instruments, medical implants, and sensitive equipment
due to their unique combination of properties such as high hardness, low friction, wear and corrosion resistance,
and biocompatibility>~>.

The advantages of DLC coatings include improved mechanical performance, enhanced durability of
equipment, and a reduced risk of microbial contamination. Moreover, the exceptional properties of these
coatings contribute to lowering maintenance and replacement costs for tools in critical industries. Ongoing
scientific research continues to focus on optimizing deposition methods and enhancing the final properties of
DLC coatings to expand their range of applications®’.

One of the key challenges in utilizing DLC coatings is minimizing internal stresses and improving the
adhesion between the coating layer and the substrate. Selecting an appropriate interlayer can not only reduce
internal stresses and enhance adhesion but also improve surface roughness and create a more uniform surface.
This is particularly crucial for applications requiring high wear resistance and low friction. Microscopic analyses
have demonstrated that applying a suitable interlayer reduces surface roughness and promotes better stress
distribution®!1.

One of the widely used methods for producing DLC coatings is plasma-enhanced chemical vapor deposition
(PECVD). This technique encompasses various approaches, including radio frequency deposition, glow
discharge, and pulsed direct current systems. PECVD, owing to its lower temperature compared to conventional
methods such as CVD, enables the fabrication of thin films with unique physical and mechanical properties.
Additional advantages of this method include plasma-based surface cleaning, the formation of high-hardness
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layers, and excellent chemical and mechanical resistance, making it an ideal choice for diverse industrial
applications!?716,

A study revealed that the Cr;C,-NiCr interlayer acts as a bonding bridge between the hard, wear-resistant
DLC layer and the substrate, playing a crucial role in enhancing the overall performance of the coating. By
forming a strong metallurgical bond between the two layers, this interlayer significantly improves adhesion and
prevents common issues such as peeling and delamination!’. Zhao et al. demonstrated that multilayer DLC/
CrN coatings exhibit higher corrosion resistance compared to single-layer DLC coatings. This improvement is
attributed to the formation of a layered structure that prevents the penetration of corrosive ions and creates a
protective barrier within the multilayer coatings, safeguarding the underlying metal'®. Another study found that
a tantalum interlayer notably reduces the wear rate of DLC coatings by creating wear-resistant layers, reducing
surface roughness, improving adhesion, and increasing the sp® bond content in the DLC layer!’.

Recent studies have shown that employing surface modification techniques such as plasma nitriding
prior to DLC deposition can significantly enhance adhesion, reduce residual stress, and improve tribological
performance. For instance, Kasiorowski et al.’ and Shioga et al.?! demonstrated that plasma-nitrided interlayers
improved the microstructure and wear resistance of DLC coatings on steel substrates.

The selection of ZrN and TaN as interlayers is based on their outstanding mechanical and chemical properties.
ZrN offers high hardness, good corrosion resistance, and excellent thermal stability, which provide a robust
foundation for DLC deposition. Similarly, TaN has emerged as a promising interlayer material due to its high
density, excellent wear resistance, and chemical inertness. Recent studies have shown that TaN coatings can
significantly improve adhesion and reduce stress in multilayer systems, particularly when deposited using RF
magnetron sputtering techniques?>?*. The use of DLC as the top layer is attributed to its exceptional tribological
and protective properties, including low friction, high wear resistance, and biocompatibility, making it an ideal
candidate for medical and industrial applications®*,

Previous studies have utilized various interlayers to enhance the properties of DLC coatings on steel
substrates. In this research, with the aim of improving DLC coating properties and expanding knowledge in
this field, interlayers such as zirconium nitride (ZrN), tantalum nitride (TaN), and plasma nitriding have been
employed as intermediate layers.

Materials and methods

Sample preparation and coating process

In this research, AISI 420 stainless steel was selected as the substrate due to its extensive usage in medical devices.
The samples, measuring 20 mm X 20 mm x 2 mm, were prepared through laser cutting.

Initially, the samples were ground with SiC abrasive papers up to grit size 2500 and then polished for 20 min
using a 0.1 pm diamond paste. Based on the polishing process, the surface roughness of the samples after
polishing was estimated to be in the range of 2—-5 nm, which is consistent with typical values for mirror-polished
stainless-steel surfaces. To improve the adhesion of DLC coatings, plasma nitriding was performed on some
samples for 240 min at a power of 5 kW and a voltage ranging from 500 V to 600 V. The gas mixture employed
contained 75% nitrogen and 25% hydrogen by volume. A number of other samples were coated using an RF
magnetron sputtering system with a 99.999% pure Zr target for 60 min, under a base pressure of 2.8 x 107* mbar
and a power of 185 W, with a gas mixture of 10% N, and 30% Ar. Other samples were deposited with a 99.999%
pure Ta target for 60 min, under a base pressure of 1.1x 10™ mbar and a power of 100 W at a temperature of
350 °C, using a gas composition of 10% N and 30% Ar. In the final step, the plasma-nitrided, ZrN-coated, and
TaN-coated samples were coated under 100% pure acetylene gas, at a pressure of 45 mTorr, a power of 120 W, and
a deposition time of 45 min to form DLC layers using Plasma-enhanced chemical vapor deposition (PECVD).

Surface and structural characterization

Raman spectroscopy was performed using a Thermo Scientific DXR Raman microscope (USA), equipped with
a DPSS: Nd: YAG continuous wave laser (wavelength=512 nm, power=10-90 mW, resolution=6 cm™), to
determine the types and quantities of carbon bonds in the coatings. Surface topography and roughness were
analyzed using Atomic Force Microscopy (AFM), model Dimension Icon by Bruker, USA. Cross-sectional
morphology and microstructure of the coatings were examined using Field Emission Scanning Electron
Microscopy (FESEM), model MIRA3 by TESCAN, Czech Republic. Additionally, worn surfaces were analyzed
using Scanning Electron Microscopy (SEM), model VEGA3 by TESCAN, Czech Republic, to study wear
mechanisms after tribological testing.

Tribological evaluation

Wear

The wear tests were performed in accordance with ASTM G99 using a pin-on-disk apparatus. The test parameters
included a Linear velocity of 0.1 m/s, a sliding distance of 150 m, an applied force of 2 N, and a wear track
diameter of 10 mm. An alumina ball with a 4 mm diameter was used as the counter-body. Samples were weighed
before and after the test using a high-precision digital scale to determine the weight loss. The worn surfaces
were further analyzed using scanning electron microscopy (SEM-VEGA3 by TESCAN) to investigate the wear
mechanisms. In addition, the coefficient of friction (CoF) was continuously recorded throughout the test to
evaluate the frictional behavior of each sample. To better understand the contact conditions, the maximum
Hertzian contact pressure was calculated. Considering the material properties of alumina and AISI 420 stainless
steel, and the applied load of 2 N, the effective elastic modulus was estimated to be approximately 275.3 GPa.
Based on this, the contact radius was found to be around 33.7 um, resulting in a maximum Hertzian pressure of
approximately 843 MPa during the wear test.
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Corrosion

The corrosion resistance of the coatings was evaluated using electrochemical impedance spectroscopy (EIS),
conducted in accordance with ASTM G106 standard. The measurements were performed at open circuit
potential using a sinusoidal voltage signal with an amplitude of 10 mV over a frequency range from 107 to
10* Hz. A potentiostat (PAR 273 A) connected to a Lock-in amplifier (PAR 5210) was used for the analysis. All
tests were conducted at room temperature in a 3.5% NaCl solution. A three-electrode electrochemical cell was
employed, consisting of a saturated calomel electrode (SCE) as the reference (+242 mV vs. SHE), a platinum
foil as the counter electrode, and the coated sample as the working electrode with an exposed area of 0.78 cm”.

Result and discussion

Structural characterization

The Raman spectra of the DLC samples are presented in Fig. 1. Typically, DLC structures exhibit two distinct
peaks in the Raman region, appearing near 1340 cm™ and 1570 cm™". As reported in previous studies?® 2%, these
peaks correspond to the D and G bands, respectively. The G band, located around 1570 cm™, is associated with
sp” carbon hybridization and indicates the presence of an ordered graphitic structure. In contrast, the D band,
observed near 1340 cm™, corresponds to sp carbon hybridization and is commonly used to evaluate the degree
of disorder in graphitic or diamond-like structures®. Table 1 summarizes the parameters obtained from the
Raman analysis. The sp* content was estimated semi-quantitatively from the I /I, intensity ratio obtained from
the Raman spectra, as suggested by Ferrari and Robertson®. The internal stress (6) was calculated using the
empirical correlation between the G peak position and the compressive stress, based on the following equation®!:

Intensity (a.u.)

1000 1200 1400 1600 1800

Raman shift (cm™?)

Fig. 1. Raman spectra of samples: (a) PN-DLC, (b) ZrN-DLC, and (c) TaN-DLC.
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Sample | Pos.D (cm™) | Pos. G (cm™) | Ip/I FWHM (G) | SP>% | o (GPa)
PN-DLC 1346 1540 0.82+0.40 | 170 43+2 6.2
ZrN-DLC | 1355 1570 0.88+0.40 | 187 29+2 | 10.2
TaN-DLC | 1325 1577 1.08+0.51 | 202 20+1 | 143

Table 1. Parameters extracted from the Raman analysis.

o(GPa) = —0.0024 x (we — 1580)

where w,, is the position of the G peak in cm™. A higher shift of the G peak toward lower wavenumbers is
generally indicative of higher compressive stress within the DLC structure.

Studies?*3233 demonstrated that the shift of the G peak maximum toward higher Raman shifts is associated
with an increase in the size of aromatic clusters within the graphitic structure, leading to elevated internal stress
in DLC films. According to the data presented in Table 1, the TaN-DLC sample exhibits the highest G-band
Raman shift, while the PN-DLC sample shows the lowest. Furthermore, the sp* content and internal stress
values reported in Table 1 indicate that the TaN-DLC and PN-DLC samples have the highest and lowest levels of
internal stress and sp® percentage, respectively.

The I,/1 ratio for the PN-DLC sample is 0.82+0.40, which is lower compared to the other two samples.
Additionally, the ratio for the ZrN-DLC and TaN-DLC samples is 0.88+0.40 and 1.08+0.51, respectively,
indicating a higher degree of structural defects in the TaN-DLC sample compared to the other two. Furthermore,
the full width at half maximum (FWHM) of the G-band is associated with structural defects such as changes
in bond angle and bond length. According to the data in Table 1, the FWHM (G) value is higher for the TaN-
DLC sample and then for the ZrN-DLC sample, compared to the PN-DLC sample. This difference suggests that
the two metal nitride-containing samples have more structural defects. As previously mentioned, these defects
contribute to the increase in internal stress within the structure, thus enhancing the strength of the samples.
In general, the increase in internal stress reduces material deformation under external loads, consequently
improving the material’s durability and strength.

Figure 2 presents the cross-sectional FESEM images of DLC coatings deposited on three different interlayers:
(a) plasma-nitrided (PN), (b) ZrN, and (c) TaN. The top images illustrate the overall thickness and layer
configuration, while the zoomed-in images at the bottom highlight the detailed nanostructure of the DLC
layers. In the PN + DLC sample (Fig. 2a), the interface between the nitrided layer and the DLC coating appears
irregular and locally rough. This irregularity can be attributed to nitrogen diffusion during the plasma nitriding
process, which leads to localized stress concentrations and heterogeneous nucleation. Despite this, the DLC
layer is dense and free of cracks, suggesting satisfactory adhesion. In the ZrN + DLC sample (Fig. 2b), the ZrN
interlayer fabricated using RF sputtering results in a flatter and denser surface. The plasma-nitrided interlayer
presents localized roughness and microstructural variations due to non-uniform nitrogen diffusion, which can
influence DLC nucleation. In contrast, the ZrN and TaN interlayers deposited by RF magnetron sputtering
provide smoother and denser surfaces, reducing defect sites at the interface. The TaN interlayer, with its high
crystallographic density, thermal stability, and chemical inertness, offers an optimal foundation for DLC growth.
This smooth and defect-free interface promotes uniform nucleation and results in the TaN + DLC sample (Fig. 2c)
exhibiting the most compact, continuous, and homogeneous DLC layer among the three. This is due to the dense
TaN interlayer formed via magnetron sputtering at 350 °C, which provides excellent surface quality and strong
bonding with the DLC layer. The interface is smooth and continuous, with no visible gaps or discontinuities.
Opverall, the images demonstrate that the choice of interlayer significantly affects the interface quality and coating
morphology. Both ZrN and TaN interlayers, especially TaN, result in smoother and denser interfaces compared
to the plasma-nitrided layer. This contributes to improved mechanical and protective performance of the final
coating.

Figure 3 shows the FESEM images of the microstructure of the coated samples. In Fig. 3a, the microstructure
of the DLC coating on the plasma nitrided (PN) substrate is visible. The surface of the sample appears relatively
homogeneous, but small roughness and scattered islands can be detected in some areas. These irregularities
may result from the initial plasma nitriding process that affected the substrate before applying the DLC coating,
leading to the formation of uneven microstructures. This process alters the grain boundary morphology and
induces localized stress variations, which can cause non-uniform nucleation sites during the DLC deposition,
ultimately resulting in a rougher or island-like surface texture. No porosity or voids are observed in the DLC
coating in this image, indicating the high quality of the PECVD coating process. This suggests that the coating
is highly dense and has effectively covered the substrate surface. In Fig. 3b, the surface of the DLC coating on
the zirconium nitride (ZrN) intermediate layer appears much smoother and more uniform compared to the
PN-DLC sample. Similar to the previous sample, no porosity or voids are observed on the coating surface. This
indicates that the DLC coating has grown continuously and defect-free on the intermediate layer surface. Since
the RF sputtering process was used to create the ZrN intermediate layer, this layer has provided a very smooth
and dense surface for the DLC coating. In Fig. 3¢, the DLC coating on the tantalum nitride (TaN) intermediate
layer covers the surface well, with no signs of porosity or voids in the coating. Similar to the ZrN-DLC sample,
the surface of this sample also appears uniform, but due to differences in the properties of the TaN intermediate
layer, the coating structure is slightly different. The absence of porosity and voids in this image further confirms
that the DLC coating has grown well on the TaN intermediate layer. Since the magnetron sputtering process was
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Fig. 2. FESEM images of the cross-sectional surface: (a) PN + DLC, (b) ZrN + DLC, and (c¢)TaN + DLC.

Fig. 3. FESEM images of the microstructure (a) PN +DLC, (b) ZrN + DLC, (c¢) TaN + DLC.
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carried out under 350 °C conditions with the appropriate gas mixture, the resulting TaN layer has high density
and excellent surface quality, which directly impacts the final quality of the DLC coating.

Based on Figures a, b, and ¢, the surface of all three samples is uniformly coated with DLC, and no porosity
or voids are observed. This can be attributed to the appropriate thickness of the DLC coating and the high
quality of the PECVD coating process. Although the presence of pores in DLC coatings has been reported in the
studies by Zhang et al.*, in this study, the formed coatings are free of any surface defects and exhibit excellent
uniformity. Additionally, based on the provided images, the DLC coatings lack grain boundaries, indicating
their amorphous (non-crystalline) structure. Therefore, it can be concluded that all the coatings formed do not
possess crystalline order and have an amorphous, dense structure.

Figure 4 shows the AFM images of the coated samples. In Fig. 4a, the surface of the DLC-coated sample on
the plasma nitrided (PN) intermediate layer reveals a relatively coarse morphology with prominent peaks and
deep valleys. This structure, resulting from the nitriding process, consists of regions with high density and a non-
homogeneous distribution of surface islands. Plasma nitriding typically induces compressive stresses and leads
to the growth of denser grains, with its direct effect being visible in the increase of surface roughness.

Considering the average roughness (Ra) of 42.34 nm for this sample, it is evident that the application of
the DLC coating has increased the island density and strengthened the bond between the DLC layer and the
substrate. On the other hand, this higher roughness is attributed to the surface heterogeneities created as a result
of the nitriding process.

Figure 4b shows the surface morphology of the ZrN + DLC sample, which has an average Ra of 3.42 nm.
This sample exhibits a smoother and more uniform surface compared to the PN+DLC sample, indicating
the beneficial effect of the ZrN intermediate layer in reducing surface defects and achieving uniform stress
distribution during the coating process. The ZrN intermediate layer, due to its high mechanical properties and
wear resistance, not only provides a strong foundation for the growth of the DLC layer but also facilitates better
stress distribution across the surface. These features result in a smoother and more resilient surface, offering
better performance against wear and corrosion. Additionally, the smoother surface of this sample reduces
surface friction, making it suitable for applications that require high-precision surfaces.

In the TaN + DLC sample (Fig. 4c), similar to the ZrN + DLC sample, the surface exhibits a relatively smooth
and uniform structure. The surface roughness in this sample is 3.31 nm. This reduction in roughness compared
to the ZrN + DLC sample indicates the positive effect of the TaN intermediate layer in improving surface quality
and reducing structural defects. The TaN intermediate layer, due to its high thermal resistance and chemical
stability, provides an ideal substrate for the growth of the DLC layer. This characteristic results in more uniform
stress distribution and reduced surface heterogeneities. The dense and homogeneous structure of this sample, in
comparison to the other samples, indicates higher compaction and better distribution of surface islands after the
DLC coating is applied. The improved uniformity observed in the ZrN + DLC and TaN + DLC samples compared
to PN+ DLC can be attributed to the superior structural characteristics of the ZrN and TaN interlayers. These
interlayers provide smoother and denser foundations due to the nature of the sputtering process and the resulting
fine-grained microstructures. In contrast, plasma nitriding creates a rougher and less homogeneous surface,
which affects the growth of the upper DLC layer and results in more pronounced irregularities. Therefore, the
physical and structural properties of each interlayer play a key role in determining the uniformity of the final
DLC coating.

Tribological performance

In Fig. 5, the SEM image of the worn surface of the uncoated sample is shown, while Fig. 6 shows the worn
surfaces of the coated samples, and Fig. 7 illustrates the weight loss of both coated and uncoated samples. In
the uncoated sample (Fig. 5), deep and continuous scratches are visible on the surface, clearly indicating severe
wear resulting from the contact between the pin and the surface. The primary wear mechanism in this sample
is abrasive wear, as the surface lacks any protective coating. Consequently, hard particles on the pin surface
penetrate the substrate and create permanent longitudinal grooves during relative motion. The weight loss of this
sample is the highest, measured at 63 mg, indicating significant material removal due to wear. Additionally, the
specific wear rate is considerably higher compared to the coated samples. These findings reveal that the absence
of a protective layer makes the surface highly susceptible to abrasive forces. Moreover, no mechanism is present
to mitigate internal stresses or enhance surface resistance against wear, resulting in a dominant abrasive wear
mechanism.

e

Fig. 4. AFM images of the surface morphology (a) PN +DLC, (b) ZrN+DLC, and (c) TaN+ DLC.

Scientific Reports |

(2025) 15:35663 | https://doi.org/10.1038/s41598-025-19613-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

SEM Y 000K WD 8129 me

NAG: 100X Det BSE

i veommesca iSO 000W WO 0763
5 WG s

SEM HV:20.00 KV~ WD: 12,07 mm
[SEM MAG: 1.50 kx  Det: BSE

Fig. 5. SEM image of the worn surface of the uncoated sample.
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Fig. 6. SEM images of worn surfaces after tribological testing: (a) PN + DLC, showing moderate grooves and
adhesive wear features; (b) ZrN + DLC, exhibiting shallower grooves and more uniform wear pattern; (c)
TaN + DLC, with minimal surface damage and scattered shallow scratches, indicating superior wear resistance.

In Fig. 6a, the scratches observed are fewer and shallower compared to the uncoated sample, indicating a
higher wear resistance for this sample relative to the substrate. This improvement is attributed to the application
of the DLC coating over the plasma nitrided interlayer, which acts as a barrier between the pin and the substrate,
preventing the formation of deep grooves. However, some noticeable and relatively defined scratches are still
visible on the surface, which can be attributed to the less homogeneous structure of the plasma nitrided interlayer.
The weight loss for this sample is 11 mg and its wear rate is 0.00524 mm®/N-m, reflecting an intermediate
performance between the uncoated sample and the ZrN + DLC-coated sample. The dominant wear mechanism
in this sample is adhesive wear, arising from the relative adhesion between the DLC layer and the pin surface.

The SEM images of the ZrN+ DLC sample (Fig. 6b) reveal a relatively smoother and more uniform surface
compared to the uncoated and PN + DLC sample. Shallow wear tracks and fewer, more evenly spaced scratches
are observed, indicating uniform stress distribution on the surface and higher wear resistance of this sample.
The DLC coating on the ZrN interlayer, due to its homogeneous structure and better adhesion, has effectively
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Fig. 7. Variations in Specific Wear Rate and weight loss.

reduced wear. Based on Raman data, the broader G-band width in this sample compared to PN + DLC suggests
a higher presence of structural defects, contributing to improved wear resistance. The weight loss for this sample
is 14 mg, and its wear rate is 0.006582 mm?*/N-m, demonstrating an improvement compared to PN + DLC. The
dominant wear mechanism in this sample is a combination of adhesive and mild abrasive wear, attributed to the
homogeneity, smooth surface, and better adhesion of the DLC layer to the ZrN interlayer.

The figures of the TaN +DLC sample (Fig. 6¢) show the least amount of scratching and wear compared to
the other samples. The surface scratches are scattered and very shallow, indicating the very high wear resistance
of this sample. The presence of the TaN interlayer, which was created using magnetron sputtering at 350 °C
with a uniform thickness, plays a significant role in enhancing the strength and adhesion of the DLC layer. The
reduction in surface roughness indicates the uniformity and homogeneity of the DLC coating. Additionally,
according to Raman data, the TaN + DLC sample has the highest internal stress, contributing to its increased
strength and wear resistance?”34%.

The higher ID/IG ratio in this sample, among the three coated samples, indicates more structural defects in
this sample. These defects, caused by high internal stress, lead to increased strength and surface resistance. The
weight loss of this sample is 8 mg, and its wear rate is 0.001901 mm?*/N-m, showing the best performance among
all the samples. The predominant wear mechanism in this sample is mild abrasive wear with minimal adhesion,
which is attributed to the high internal stress, excellent interlayer adhesion, and the uniformity of the surface.

The variation of the CoF is shown in Fig. 8. The uncoated substrate exhibits a relatively high and unstable CoF,
increasing up to 0.5 due to severe abrasive interaction. In contrast, the DLC-coated samples display significantly
lower and more stable friction behavior. Notably, the TaN + DLC sample demonstrates the lowest average CoF,
indicating optimized frictional performance and superior wear resistance.

Corrosion resistance

Figure 9 shows the Nyquist plots (Z’ versus -Z”) for the examined samples. As seen, in the Nyquist plots, the
frequency increases from the right side of the graph toward the left (counterclockwise). Therefore, the point
at the far left of the plot represents the highest frequency, while the point at the far right represents the lowest
frequency. In these plots, an increase in the diameter indicates enhanced corrosion resistance of the system.
Based on the Nyquist plots, it is evident that the uncoated sample exhibits the lowest corrosion resistance, while
the TaN + DLC-coated sample shows the highest corrosion resistance. Furthermore, it is clear that among the
other two samples, the PN + DLC-coated sample has a smaller Nyquist semicircle diameter compared to the
Z1rN + DLC-coated sample.

Figure 10 shows the Bode plots of the uncoated and coated samples. In the Bode impedance modulus plots,
the impedance modulus at the lowest frequency can indicate the overall corrosion resistance of the system.
Therefore, based on the figure, it is evident that the uncoated sample and the TaN + DLC-coated sample exhibited
the lowest and highest impedance at the lowest frequency, corresponding to the lowest and highest corrosion
resistance, respectively. Additionally, the impedance at the lowest frequency for the ZrN+DLC sample was
higher than that of the PN + DLC sample. Furthermore, in all the Bode impedance modulus plots, the impedance
at the highest frequency indicates the solution resistance. Accordingly, in the uncoated sample, due to high
corrosion rates and greater release of iron cations into the solution, the solution conductivity increased, and
consequently, the solution resistance was lower compared to the other samples. On the other hand, the highest
impedance at the highest frequency (and thus the highest solution resistance) was observed in the TaN + DLC-
coated sample, providing further evidence of a lower concentration of iron cations resulting from corrosion
reactions in the solution.

The exact resistance values of these systems should be determined by modeling the results using an
electrochemical equivalent circuit. To determine the shape of the electrochemical equivalent circuit, it is essential
to determine the number of time constants of the system. The number of time constants refers to the number of
parallel capacitors/resistors in the equivalent circuit. By examining the Bode phase angle plots, we can determine
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Fig. 9. Nyquist plots of the samples after immersion, along with the fitted results from the EIS test on the
corresponding electrochemical equivalent circuit (points represent experimental data and lines represent the
fitted results).

the number of time constants for the systems, which will aid in the determination of the electrochemical
equivalent circuit. As shown in Fig. 11, some samples exhibit a single peak, while others show two overlapping
peaks in their Bode phase angle plots, corresponding to single and double time constant systems, respectively. To
obtain more accurate electrochemical parameters, the impedance test results were fitted to the electrochemical
equivalent circuits shown in Fig. 11.

The equivalent circuit with double time constants includes three resistances (sequentially representing
solution resistance, coating resistance, and charge transfer resistance) and two constant phase elements (CPEs)
associated with the coating and the double layer. In the single-time-constant equivalent circuit, only elements
related to the coating are visible due to the inability of the electrolyte to penetrate the coating and reach the
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Fig. 10. (a) Bode impedance and (b) Bode phase angle plots of uncoated and coated samples after immersion
in a saline solution (experimental data points and fitted results are represented by the data points and fitting
lines, respectively).
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Fig. 11. Equivalent circuits of (a) single time constant and (b) double time constant.

metal surface; only the TaN + DLC sample corresponds to this circuit. In these equivalent circuits, constant phase
elements (CPEs) are used instead of ideal capacitors due to the non-parallel nature of the double-layer planes
formed between the electrode surface and the electrolyte, as well as the surface roughness of the electrode and
coating. The distinction between these two elements is apparent in their respective impedance expressions. The
impedance of a capacitor is given by Z= jw%, and for CPE, it is expressed as Z= ( (Yoﬁ )™’ In these formulas,

C represents capacitance, w is the angular frequency, Y is admittance (the inverse of impedance and equivalent
to the capacitance parameter in an ideal capacitor), and j is the imaginary unit, v/—1. As can be seen, the
difference between these two lies only in the exponent n, which is a numerical value between zero and one. The
value of zero represents an ideal resistor, and the value of one represents an ideal capacitor®®. The modeling of the
measured samples with the electrochemical equivalent circuit was performed using the ZsimpWin software, and
the results are shown in Figs. 9 and 10. As can be observed, the modeling has successfully matched the Nyquist
and Bode plots, indicating the reliability of the results obtained from the modeling. The values of the parameters
obtained from this modeling are reported in Table 2.

In Table 2, the values of the equivalent capacitance of the coating and the double layer were calculated using
Egs. (1) and (2)*.

Ce = (YO0 x Rt —n)/™ (1)
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Sample R, (ohm.cm?) &.sec”.cm‘z) n, | R (ohm.cm?) | C (uF/cm?) z;osd.lsec”.cm‘z) n, |R,(ohm.cm?) ﬁﬁ‘/cmz)
Substrate 134.23 20.21 0.79 5993 101.18 40.95 1 2872 41.01
PN+DLC | 18,820 0.014 1 8335 0.0440 1.26 0.55 | 80,820 1.522
ZrN+DLC | 16,630 0.080 0.77 13,960 0.0311 0.713 0.61 | 216,200 0.568
TaN+DLC | 8371 0.002 0.94 | 5,603,000 0.005 - - - -

Table 2. Results of the impedance test modeling on the electrochemical equivalent circuit.

Cet = (Y0et)"™ X ((Ret X Rs)/(Ret 4 Rs)) /™" )

According to Table 2, it is clear that with surface coating, the values of coating resistance and charge transfer
resistance have significantly increased compared to the uncoated sample. Additionally, the reduction in solution
resistance upon applying the coating indicates a decrease in the corrosion rate of the coated samples. Moreover,
it is evident that the sum of the charge transfer resistance and coating resistance in the TaN + DLC sample is
significantly higher than in the other samples, indicating a greater corrosion resistance for this sample. The
absence of the second time constant in this sample is due to the inability of the electrolyte to reach the metal
surface. In fact, the only interface between this sample and the electrolyte is the coating surface, whereas in the
other coated samples, due to the electrolyte passing through the coating, there are two interfaces between the
sample and the electrolyte: one between the coating and the electrolyte, and the other between the metal surface
and the electrolyte. The lower equivalent capacitance of the coating is also further evidence of the electrolyte’s
inability to penetrate the coating and the higher corrosion resistance in this sample. It has been shown that the
crystalline structure of TaN is completely stable and well-organized, and this structural density leads to strong
bonding between tantalum and nitrogen atoms, resulting in excellent resistance to the penetration of corrosive
agents into the coating®4..

Additionally, when the TaN-coated sample is placed in a corrosive environment, a very thin, resistant, and
passive layer of tantalum oxide (Ta,Os) forms on the electrode surface, preventing direct contact with the
electrode. Furthermore, since TaN has a low surface free energy, it has little thermodynamic tendency to react
with other materials, thus exhibiting high corrosion resistance. Moreover, TaN possesses suitable electrochemical
properties that place its electrode potential within the passive range, ensuring that this coating remains passive
in a saline corrosive environment and is resistant to corrosion*>%3. Following this, the ZrN + DLC-coated sample
exhibited higher anti-corrosion properties than the other samples. This coating, due to its high density and low
porosity, creates effective barrier properties against electrolyte penetration, making it difficult for corrosive agents
to reach the surface. The corrosive agents are faced with spatial hindrance (insufficient space to move within
the coating, causing them to frequently change their path). The good corrosion resistance of the ZrN coating
has also been proven in previous studies***>. The PN + DLC coating exhibited the lowest corrosion resistance
among the coated samples. This behavior is related to the nature of the plasma-nitrided layer, which consists
mainly of iron nitrides and expanded martensite formed by nitrogen diffusion into the substrate. Although
this layer can enhance adhesion, its microstructure often contains columnar grains and microvoids, leading
to a lower structural density compared to sputtered ZrN and TaN interlayers. During corrosion exposure, the
nitrided layer tends to form an iron oxide film that is porous and loosely packed, facilitating the penetration of
aggressive ions (e.g., Cl7) and promoting electrochemical reactions at the substrate surface. Furthermore, plasma
nitriding may introduce microstructural inhomogeneities and residual stresses at the interface, which can act
as preferential sites for localized corrosion initiation. In contrast, the denser, finer-grained, and more stable
ZrN and TaN interlayers create a uniform and compact barrier that effectively impedes electrolyte penetration,
thereby providing superior corrosion protection.

Conclusion

In this study, the effects of three different interlayers—plasma nitriding (PN), zirconium nitride (ZrN), and
tantalum nitride (TaN)—on the structure, tribological behavior, and corrosion resistance of DLC coatings were
investigated. The key findings are summarized as follows:

o Structural analysis using Raman spectroscopy revealed that the TaN + DLC sample exhibited the highest in-
ternal stress and sp® content, indicating a more cross-linked and mechanically robust carbon structure. The
lowest surface roughness was also observed in the TaN + DLC sample (3.31 nm), as measured by AFM, con-
firming a smooth and uniform surface morphology.

« Tribological tests showed that the TaN + DLC coating provided the lowest wear rate (0.001901 mm?/N-m) and
the most stable friction behavior among all samples. This performance is attributed to the dense microstruc-
ture and enhanced interlayer adhesion confirmed by FESEM.

« Corrosion evaluation through EIS demonstrated that the TaN + DLC sample achieved the highest corrosion
resistance, as evidenced by the largest Nyquist semicircle diameter and the highest charge transfer resistance.
This superior electrochemical performance is attributed to the dense and stable TaN interlayer, which acts as
an effective barrier against electrolyte penetration and reduces the likelihood of localized corrosion initiation.
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Opverall, the TaN interlayer significantly enhanced the structural, tribological, and corrosion properties of the
DLC coatings compared to ZrN and PN. These findings suggest that TaN is a highly promising interlayer for
applications requiring durable, wear-resistant, and corrosion-protective surfaces.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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