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Abstract

An evaluation of the improvement provided by a W thin film, when incorporated into a TiN
bilayer coating system on 304 stainless steel, is reported after determining its electrochemical
behaviour and mechanical properties. The TiN-bilayer and W/TiN-bilayer coatings were
prepared by balanced magnetron sputtering. Coating structure, morphology, interphase, and
chemical composition were determined by scanning electron microscopy, Auger electron
spectroscopy and X-ray diffraction. Mechanical properties were determined by the
nanoindentation technique. The electrochemical behavior was investigated by electrochemical
impedance spectroscopy (EIS) using 6 wt.% NaCl solution as electrolyte. The electrochemical
results showed an increase in overall corrosion resistance (Rp) when the W thin film is
incorporated into the TiN-bilayer coating system. The R,, for the initial measurement is 187.6 and
347.9 kQ cm? for the TiN-bilayer coating system and W/TiN-bilayer coating system, respectively.
The results obtained from the EIS study over time indicate that the R, after 7 weeks of immersion

http://doi.org/10.5599/jese.2983 1



http://doi.org/10.5599/jese.2983
https://doi.org/10.5599/jese.2983
https://pub.iapchem.org/ojs/index.php/JESE
mailto:francisco.solispm@uanl.edu.mx
https://orcid.org/0009-0006-6526-9045
https://orcid.org/0000-0002-4536-6538
https://orcid.org/0000-0001-8809-7529
https://orcid.org/0000-0002-3184-0841
https://orcid.org/0009-0009-9760-9739
https://orcid.org/0009-0001-9415-5569
https://orcid.org/0009-0001-6953-9747
https://orcid.org/0000-0001-7399-5529
https://orcid.org/0000-0001-9742-4093

J. Electrochem. Sci. Eng. 16 (2026) 2983 Growth of a W/TiN-bilayer coating

are 53.2 and 119.8 kQ cm? for the TiN-bilayer coating system and W/TiN-bilayer coating system,
respectively. Nanoindentation hardness measurements showed a slight difference between the
two coating systems. The TiN-bilayer hardness showed a value of approximately 24 GPa, while
the W/TiN-bilayer hardness showed a value of approximately 22 GPa. Considering other
beneficial properties associated with W, the results showed that a W/TiN-bilayer coating system
can be used as an alternative hard and protective coating system on steel substrates to mitigate
corrosion damage.

Keywords
Two-layer coatings; tungsten thin films; magnetron sputtering, nodular defects, diffusion
barrier

Introduction

Tungsten (W) is a refractory metal with high wear resistance and a low coefficient of friction, high
hardness, and high resistance to corrosion and oxidation. Because of these properties, W thin films
have been used for a variety of applications [1]. W compounds, such as WC, have also been
successfully used as hard-coatings [2]. This element has also been studied for other properties such
as low hydrogen permeability, high thermal conductivity, and the lack of chemical reaction with
hydrogen, properties that make it a candidate plasma coating material for fusion reactors [3].
Physical vapor deposition (PVD) methods, such as magnetron sputtering (in RF or DC mode) and
high-power pulse magnetron sputtering, are commonly used to deposit W [4]. Ar gas pressure,
substrate temperature, substrate material, and deposition rate are among the parameters that
define the presence and relative amounts of the B-W and/or a-W phases [5]. In W films obtained by
a sputtering process, a-W may be in an equilibrium state, but B-W is usually present in a meta state,
or the film may be formed as a mixture of two phases [6]. In previous work, Fritze et al. found that
carbon addition has a grain-refining effect on W films. In addition, Fritze et al. also found a hardness
value of about 13 GPa for pure W thin films obtained by a sputtering process using a single crystal
of a-Al;0s3 as a substrate [7].

On the other hand, metal nitrides are well known for their excellent wear and corrosion
resistance and high melting points, which make them attractive for hard-coating applications in the
tool and decorative industries [8]. In particular, titanium nitride (TiN) has been extensively studied
for certain applications [9]. For example, Yang et al. [10] synthesized Cu nanoparticles by
electrodeposition on TiN-coated electrodes. They found that pyramidal TiN morphologies yield
irregular Cu nanoparticles, whereas granular TiN films yield octahedral Cu nanoparticles [10]. In
addition, TiN coating has been used to improve the corrosion resistance of bipolar plates in fuel cells
[11]. In fact, TiN is emerging as an attractive coating material for damping mitigation due to its high
hardness, chemical stability, and low electrical resistivity [12]. Furthermore, the aerospace
industry’s requirements for high strength and good corrosion resistance, among others, have made
titanium coatings an excellent choice over steel and aluminum [12]. The biomedical industry has
also shown interest in TiN coatings, mainly due to their excellent biocompatibility. Titanium-based
coated materials have potential applications as buffer layers that serve as a “bond” between
coatings, such as amorphous carbon on stainless steel [13]. In addition, Subramanian et al, found
that TiN has good hemocompatibility when the Ni film is used as a buffer between stainless steel
and the TiN coating [14]. Thus, considering the various applications of TiN coatings and the proper-
ties of W and TiN (coating roughness, hardness, corrosion and abrasion wear resistance) [15], the
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W/TiN system could be an interesting hard coating alternative for diffusion barriers and high
temperature stability.

In this study, TiN-bilayer and W/TiN-bilayer coatings systems were prepared by reactive balanced
magnetron sputtering using a 304 stainless steel (304SS) as a substrate in order to compare the
mechanical properties and electrochemical behaviour of the two types of coating systems and to
determine the influence of the W thin film when deposited on a TiN-bilayer coating. The results and
implications of this work are presented and discussed in this paper.

Experimental

W/TiN-bilayer and TiN-bilayer coating systems were prepared separately by DC-balanced
magnetron sputtering on 1-inch-diameter, 7-mm-thick 304 stainless steel substrate discs with a
roughness (Ra) of 4.16 nm. W and, Ti commercial discs (99.9 % purity) were used as targets. The
sputtering vacuum chamber was evacuated to 0.06 mPa (6.0x107 mbar) using mechanical and
turbomolecular pumps. The TiN coatings were prepared at an N; partial pressure of 0.04 Pa and a
working pressure of 0.3 Pa. The W thin film was deposited using Ar as a carrier gas at a working
pressure of 0.4 Pa, with the substrate at a temperature of about 400 °C. All layers and film involved
in this investigation were deposited at 200 Watts. Prior to deposition, the 304 stainless steel
substrates were polished with alumina slurry to 0.3 um, and ultrasonically cleaned in acetone and
alcohol for 30 min. The substrate temperature for the TiN compound deposition was 250 °C. To
obtain the TiN bilayer on 304SS (TiN bilayer/304SS), the process is defined as Process 1 (Figure 1A),
and is summarized as follows: the 304SS substrate is heated to 250 °C and held at this temperature
during growth of the TiN L1 and L2 layers To obtain the W thin film on the TiN bilayer/304SS
substrate, the procedure is defined as process 2 (Figure 1B) and is summarized as follows: The
temperature of the TiN bilayer/304SS substrate is increased to 400 °C and maintained throughout
the growth of the W thin film.

A B

Substrate Heather

Shutter 2 Aar Shutter 2

Shutter 1

i D.C Power D.C Power
Supplies - Supplies
e e
o Ar P 3045S substrate T,y and Ty, are the substrate temperatures . AT+ [ 3[')455 substrate T3 (s the substrate temperature for
* Ny for growing TiN L1 — Layer and = Ar TIN L1 — Layer growing W thin film on TIN — Bilayer
e Ar T TiN 11— Layer TiN L2 — layer, respectively. =W TiN L2 — Layer
. Ti TiN L2 — Layer == W Thin Film

Figure 1. A) Scheme of process 1: growth of TiN-bilayer on 304SS; B) scheme of process 2: growth of W thin
film on TiN-bilayer/3045S

Thus, process 1 is required for the production of TiN bilayer coating systems, and processes 1 and
2 are required for the production of W/TiN bilayer coating systems. The atomic concentration profile
was determined by Auger electron spectroscopy (AES) using a SAM-PHI 595 instrument. The X-ray
diffraction pattern was obtained using a Philips X-pert instrument with Cu Ka radiation. The
morphology characteristics were obtained by scanning electron microscopy (SEM) using Jeol JSM-
5300 equipment.
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Mechanical properties were determined by nanoindentation tests on the coatings using a
Hysitron Ubil instrument. The load was varied from 120 uN to 9000 uN using a pyramidal Berkovich
tip on each coating system. The first measurement was made under an applied load of 120 uN and
then an increase of 370 uN was made for each measurement until 9000 uN was reached. Figure 2
shows the nanoindentation process scheme.

The electrochemical behaviour of the coating systems was evaluated using electrochemical
impedance spectroscopy (EIS) at the open-circuit potential (OCP). The test was performed in a three-
electrode cell, where the sample was connected as the working electrode. The graphite bar and
saturated calomel were used as the counter and reference electrodes, respectively. 6 wt.% NaCl
solution was used as the electrolyte. The exposed area was 1 cm?. The initial measurement was
performed after 5 hours of immersion, using a sinusoidal amplitude of 10 mV over the frequency
range 30000 to 0.1 Hz. For EIS over time study, measurements were made every week for seven
weeks, with a sinusoidal amplitude of 10 mV applied in a frequency range of 30000 to 0.01 Hz.
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Figure 2. Indentation process scheme

Results and discussion

Structural characteristics of obtained coating systems

The thicknesses of the coatings deposited on the 304SS substrate were determined from
scanning electron microscope (SEM) observations of the cross-section, as shown in Figures 3 and 4.
Figure 3A illustrates the W/TiN-bilayer coating system. In this figure, a thin film of tungsten (W) is
first observed at the surface, followed by a TiN bilayer coating and, subsequently, the 304SS
substrate at the bottom. The TiN bilayer coating system comprises two layers, L1 and L2. The
thickness of L1 was approximately between 3 and 4 um in all prepared coatings, and the thickness
of L2 was approximately between 1.5 and 2 um, as shown in Figures 3 and 4. The thickness of the
W thin film was approximately 160 nm.
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Figure 3. SEM micrographs showing: A) cross section of W/TiN-bilayer/304SS system, B) detail b from A)
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Figure 4. SEM micrograph showing the cross-section of the TiN-bilayer/304SS system

The X-ray diffraction pattern of the W/TiN bilayer coating system is shown in Figure 5. The W thin
film grows preferentially along the [110] direction (where the highest-intensity peak is located), as
reported by Sun et al. [16].
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Figure 5. X-ray diffraction pattern for W/TiN-bilayer coating system
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The peaks related to tungsten (W) in the X-ray diffraction pattern indicate the presence of the a-W
phase in the tungsten film. Other preferential growth directions for W thin films have been reported
by different authors, but in these cases, the substrates were silicon-related [5,17]. It is well known that
the morphology and structure of thin films depend strongly on the substrate material and the initial
crystal orientation [5]. In this case, the W film grew in the [110] direction on a TiN substrate (layer L2).
For the TiN compound, the preferred growth direction was [200] (the highest-intensity peak), but the
XRD pattern also shows growth in other directions, such as [111], [222], [220] and [311], which have
been reported elsewhere [18].

The composition of the W/TiN coating system was confirmed by the AES depth profile (Figure 6)
for the W thin film and TiN layer. The AES analysis results revealed the presence of a small amount
of carbon in the coating system. It should be noted that the presence of carbon and oxygen in the
film may be due to residual gases, such as methane and carbon dioxide, in the vacuum chamber at
pressures approaching 0.01 mPa. Additionally, previous work has shown the presence of CN
molecules in the plasma using optical emission spectra, which is related to the presence of carbon
in the chamber [19]. On the other hand, AES results clearly demonstrate a diffusion zone in which
W diffuses towards the L1 layer and TiN diffuses towards the W thin film. Therefore, it can be
concluded that the W-TiN composite is part of the W thin film and also forms an interface with the
L2 layer. In fact, the profile shows that, at a certain distance from the surface, the lines corres-
ponding to W and Ti intersect at a point (see Figure 6A for detail) where the atomic concentration
is about 48 %.
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Figure 6. A) Auger depth profile for W/TiN-bilayer coating system; B) schematic representation of the W thin
film and diffusion zone formed between the W film and the L2 layer

This could indicate the interface between the W film and layer L2. From this point to the left is
the diffusion zone (see diffusion zone 1 in Figure 6), which affects the W thin film directly, and to
the right is the diffusion zone (see diffusion zone 2 in Figure 6), which affects the L2 layer. In either
case, the W-TiN composite forms on both sides, and the two diffusion zones together form a strong
interface that could contribute significantly to the properties of the W/TiN-Bilayer coating system,
such as its mechanical and corrosion properties. Previous work has shown that the diffusion of W,
Ti and N can be achieved by annealing W-Ti-N films after sputtering in a vacuum chamber [20]. In
our case, we believe that the diffusion process was activated during sputtering, given that the
deposition temperature of the W film was 400 °C. This temperature can promote diffusion on the
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substrate surface (layer L2) and diffusion of elements between layers (layer L2 and the W film). The
mixture between TiN and a-W in the W-Ti-N films has been reported elsewhere [21].

Both the L1 and L2 TiN layers have a pyramidal grain structure (see Figure 7A). The presence of
pyramidal grains could be mainly due to the substrate temperature (Ts), because it is well known
that at low temperatures relative to the melting point (Tm) of the condensed material, pyramidal
grains tend to be formed [22]. In fact, this type of structure is categorized by the Thornton model as
a Zone 1 structure and tends to form when the T,/Tn, ratio is between 0.1 and 0.3. In this case, we
found that the pyramidal grain structure appeared below this range, specifically between 0.06 and
0.1. However, the cause is the same: a T value that provides a Ts/Tm ratio of 0.3 or less. On the other
hand, in crystallographic terms, the presence of a pyramidal grain structure can be attributed to the
[111] preferred orientation, while the columnar structure is favoured by the [200] preferred
orientation [23]. However, in this investigation, the X-ray diffraction results for the pyramidal grain
structure indicate that the highest-intensity peak corresponds to the [200] orientation, with the
[111] orientation contributing a minor peak. Taking into account that the global energy of a film or
coating comprises strain energy and surface energy, with the [111] orientation having the lowest
strain energy and the [200] orientation having the lowest surface energy, as well as the fact that
variations in crystallographic orientations are mainly caused by competition between surface energy
and strain energy [24], It is therefore possible to suggest that the TiN pyramidal structure obtained
in this research may be associated with a transition from the [111] orientation to the [200]
orientation due to the competitive effect of strain and surface energies. Although the [111]
orientation has a lower intensity peak than the [200] orientation, the pyramidal grain structure still
prevails. In general terms, the crystallographic orientations are strongly influenced by adatom
mobility, surface energy, strain energy and diffusivity energy, factors which in turn are very
influenced by deposition parameters [24], and therefore, in the case of this investigation, the
substrate temperature is a key parameter during the growth of the TiN pyramidal grain structure.
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Figure 7. SEM micrographs showing: A) the grain structure obtained at the layers L1 and L2; B) and C) several
defects found in TiN coatings on 304SS at 180 °C

It is important to note that, prior to preparing both coating systems for this investigation, TiN
coatings were deposited on a 304SS substrate at 180 °C. A significant number of nodular defects
were observed, and their structure is shown in Figure 7B. These defects are generally initiated by a
seed, which is usually related to dust, impurities, and droplets (macroparticles) trapped in the
coating. These particles can also originate from the target during the sputtering process, or from the
vacuum chamber components [25]. These seeds produce an abnormal growth with respect to the
growth of the film, usually forming a defect with a semicircular cap shape [26]. Indeed, the nodular
defect structure shown in Figure 7B suggests abnormal pyramidal grain growth.
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It is important to note that, in our work, we have observed that defect growth can be complex in
some cases because defects can reach large sizes and take particular shapes. An example of such
situations is shown in Figure 7C, where a large size and a rose shape are seen. This type of defect
was observed only in the L1 layer, corresponding to the TiN compound deposited directly on 304SS.
Therefore, these nodular defects may be directly related to the steel surface, as cracks, a very rough
surface, scratches, inclusions and impurities act as preferential nucleation sites, resulting in isolated
and complex nodular-type overgrowth structures [27].

As discussed in previous paragraphs, the substrate temperature is a key deposition parameter
because higher temperatures can enhance surface diffusion in the PVD process. This can be
beneficial in reducing physical defects, but it may introduce the risk of chemical activity, as discussed
elsewhere [28]. In our case, increasing the substrate temperature to 250 °C drastically reduced the
presence of overgrowth defects in the L1 layer, resulting in fewer defects and a significant reduction
in their size. Therefore, the TiN layers involved in both systems were deposited at a substrate
temperature of 250 °C. This suggests that substrate temperature is an important factor in mitigating
anomalies in layers prepared by magnetron sputtering. Figure 8A shows that the W thin film has
nodular defects (red arrows) and possible pinholes (green arrows) on its surface, indicating that
defect formation may be inherent in the growth of coatings and films by the magnetron sputtered
process, regardless of the deposited compound. In coatings, the presence of defects is critical
because they can provide pathways for electrolyte diffusion to the substrate surface. Large defects,
in particular, can create microporosities that act as diffusion pathways for ions that promote
corrosion of the substrate [29].

Figures 8A and 8B show the cracks formed in the L1 layer. These cracks were only observed in
some specimens and were always present in the L1 layer. Although cracks can usually also form
inside the layer due to defects and particles on the steel surfaces, we believe that the presence of
cracks in the L1 layer is more likely to be related to expansion problems, primarily due to the
temperature at which the W thin film was deposited (400 °C), since these cracks were mainly found
in the L1 layer involved in W/TiN-bilayer coating system.

WThirl film

TiN

coating 2

TINcoating L1

il L

FR=-USAHI

Figure 8. A) SEM micrographs that show cracks present in the layer L1 of the W/TiN-bilayer coating system,
pinholes and nodular defects in the W thin film; B) detail z from A)

It is also important to note that the irregularities present in the substrate surface, such as slope zones,
can cause defects and some zones with a lack of adhesion in the substrate-coating interface (Figure 9).
In addition, sputtered coatings tend to reflect the substrate surface almost exactly; this feature is evident
in Figure 9, where the substrate's slope zone is clearly reflected in the coating. Therefore, it is very
important that the preparation and cleaning of the substrate prior to the sputtering process are
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extremely careful to avoid defects, cracks, poor adhesion zones in the substrate-coating interface and
thus obtain layers that could be free of these problems to a certain extent.

slope zone in the coating
/

e

Lack of adhesion

coating

substrate
/
slope zone in the substrate

Figure 9. Slope zones on the surface of the substrate may promote a lack of adhesion and defects

Electrochemical behaviour

In this study, electrochemical impedance spectroscopy (EIS) was used to investigate corrosion
phenomena in coating systems produced by sputtering. However, it is important to note before
starting the analysis that the data provided by the EIS technique are closely related to dielectric
behaviour, oxidation-reduction reactions, and mass migration, all of which are determined by the
chemical and electrical properties of the corrosion medium and the materials [30]. Impedance (2)
can be expressed as a complex number, where the real component is associated with resistance,
while the imaginary component represents capacitance and/or inductance. All the obtained data
can be displayed in Nyquist plots (-Zimag VS. Zreal) and Bode plots (log impedance modulus and phase
angle vs. log frequency). The EIS data can be fitted using equivalent circuits (ECs), in which each part
of the system is represented by an electronic circuit based on a specific impedance combination.

The first approach in studying the corrosion properties of the system using EIS is to compare the
diameters of the semicircles in the Nyquist plot. Large diameters are directly related to high
corrosion resistance. As an initial part of this study, the two coating systems TiN-bilayer/304SS and
W/TiN-bilayer/304SS were evaluated after five hours of immersion in 6 wt.% NaCl solution, and in
addition, the uncoated 304 SS was also evaluated for comparison purposes. The semicircles in the
Nyquist plot (Figure 10A) corresponding to the initial measurement of two coating systems and
uncoated 304 SS, reveal that the W film incorporated into the TiN-bilayer coating system contributes
significantly to corrosion resistance. In this case, the W film on the TiN-bilayer coating system has a
larger diameter than the TiN-bilayer coating system. These results indicate an improvement in the
corrosion resistance of the coating system containing W. Furthermore, they reveal that both coating
systems (W/TiN-bilayer and TiN-bilayer) exhibit superior corrosion resistance compared with
uncoated 304 SS.

Figure 10B shows the Bode plot (phase angle (8) versus log frequency (f)) for the initial
measurement. The ) response for both coating systems shows a broad peak in the high-frequency
range, which is close to -90°, indicating capacitive behaviour, which is a typical response of a good
coating. A high @ (close to -90°) indicates a very low level of heterogeneity at the surface, which is
directly related to greater corrosion resistance. In fact, when the @is -90°, the coating behaves like
an ideal capacitor, implying dielectric behaviour of the coating. When the @is 0°, the coating

http://doi.org/10.5599/jese.2983 9
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behaves like a resistor [31]. Therefore, the peaks located in the high-frequency range are related to
the coating and its defects. Conversely, the peaks located in the low-frequency range are related to
the corrosion process at the substrate-coating interface. However, in EIS studies of coatings,
processes in both the high- and low-frequency ranges are closely related. This makes it possible to
observe the response of defects and cracks in the coatings at the substrate-coating interface. Figure
10B shows that the peak associated with the W/TiN-bilayer system lies above that of the TiN-bilayer
system, indicating a smaller angle (closer to -90 °). This suggests that the W thin film enhances the
corrosion protection of the TiN-bilayer system. Figure 10C presents the Bode plots (log impedance
modulus (|Z|) vs. log frequency (f)), showing the smallest impedance for the uncoated 304 SS and
the highest for W/TiN-bilayer at almost all frequencies.
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of immersion in a 6 wt.% NaCl solution; A) Nyquist plots and Bode plots B) 0 vs. log f and C) log|Z] vs. log f.
Presented fitting results are obtained using the corresponding equivalent circuits

To better understand the EIS data of the systems under study, equivalent circuits (ECs) were
employed. Figure 11 shows the ECs used to fit the EIS data.

The ECA was used to fit the EIS data of the coating systems. This EC has previously been used for
coatings [32]. The EIS data for uncoated 304SS were fitted using the ECB, which has also been used
elsewhere for uncoated stainless steel [33]. It isimportant to note that the pure capacitor is replaced
by a constant phase element (CPE) in the EC fittings, because the CPE accounts for surface
heterogeneities. The CPE is commonly used in previous works and its impedance, Zcpe, is defined by
Equation (1) [34]:

Zere = Q1 (jw)" (1)
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where Q is the quasi-capacitive parameter, w is the angular frequency, and j is the imaginary unit.
The n parameter is the CPE exponent, which lies between 0 and 1. As n approaches 1, the CPE
response approaches the ideal behaviour of a homogeneous capacitor, whereas as n approaches 0,
the response approaches resistive behaviour [35].

In both ECs shown in Figure 11, Rso, Qi and Rc represent solution resistance, double layer
capacitance and charge-transfer resistance, respectively. For the ECA, other electronic components
were used to represent the coating. These components are the coating capacitance Qc, and the
coating resistance Rc. Rc refers explicitly to the pores or channels through which the aggressive
medium penetrates towards the substrate. Throughout this paper, we will refer to these pores or
channels as pathways.

— TiN-Bilayer W
A ECA o ma B ECB
T composite - Electrolyte
— WITIN -Bi L5 solution (30455)
Elseotitrt?gge Goating Substrate WITIN -Bilayer T
composite (304SS)
('] |
C
i o
. Qq
Coating composite; |1
; |
Qd‘
I I (Electrolyte solution — uncoated 304SS)
Interface —
(Substrate-Coating) | | R
Interface 20)
Rct Rct

Figure 11. A) Equivalent circuit (ECA) used for TiN-bilayer and W/TiN bilayer coating systems
and B) equivalent circuit (ECB) used for uncoated SS 304

Table 1 presents the values of the electronic components used in the fitting of the initial
measurements. For all fittings made in this work, the chi-squared (?) is about 103 with an error per
element less than 3 %.

Table 1. EIS data obtained by fitting ECs to measured impedance spectra

Element 304SS TiN-bilayer/304SS W/TiN-bilayer/304SS
Rsoi / kQ cm? 0.0113 0.0114 0.011
Qaix10%/ Q1 em2 sn 570 8.29 4.19
Ng 0.86 0.60 0.61
Ret / kQ cm? 24.729 156.002 302.990
Re / kQ cm? - 31.617 45
Qx10%/ Qtem?s" - 3.69 1.76
ne - 0.91 0.95
Ro / kQ cm? 24.729 187.619 347.990

The results shown in Table 1, clearly confirm that the W film acts as a barrier. This barrier effectively
improves the corrosion resistance of the TiN-bilayer coating system. For example, for the substrate-
coating interface, the Qq decrease as follows: Qqi30ass > Qi TiN-bilaver/304ss > Qdi w/TiN-bilaver/304ss. Accordingly,
the R increase as follows: Rt 30ass < Ret TiN-bilaver/304ss < Ret w/TiN-bilaver/304ss. These results clearly show that
the substrate is more effectively isolated from the electrolyte solutions by the W/TiN bilayer coating
system. In the case of the coating behaviour, the Q. for the W/TiN-bilayer coating system decreases
with respect to the TiN-bilayer coating, and the R. for the W/TiN-bilayer coating increases with
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respect to the TiN-bilayer coating; together with the Ry, these indicate the effective contribution of
the W film to the corrosion resistance of the TiN coating system. It is also important to note that the
overall corrosion resistance of the system R, can be estimated by the sum of the resistances
involved in the circuit model (Rct + Rc) [36].

Moreover, the n, obtained for the W/TiN-bilayer coating is higher than the nc value for the TiN-
bilayer. This suggests that the W film improves the coating by reducing surface heterogeneity,
despite the presence of pinholes and nodular defects, as shown in Figure 8A. It is important to note
that when the surface is less heterogeneous, the current flow can be distributed over the surface of
the coating, thereby eliminating the concentration of current in defects such as cracks, pores and
nodular defects, and thus mitigating galvanic attack [37], which is another reason why the W film
improves the corrosion resistance of the coating system.

Time changes of EIS-generated coating resistances

The initial measurement (measurement after five hours of immersion) is very important because it
can be used to predict how the system will perform over time. This is because the first measurement
provides a snapshot of the system (in this case, the coating systems) in all its capacities.

From this point of view, and with the aim of confirming the electrochemical behavior obtained
from the initial measurements of the two coating systems, an electrochemical study was carried out
over time, analysing the variations in R, Rc and Rp values. It is necessary to highlight that during
each EIS measurement, the system must remain in a steady state; in fact, the low-frequency finds
its limit at the stationarity [38]. Therefore, low-frequency ranges should be used rationally.

It is important to emphasize that Rt is a parameter that characterises the interface (substrate-
coating) and indicates the level of protection that the coating system provides against the aggressive
environment to some extent. Figure 12A shows the variation of R, Rc and Ry over time for the TiN-
bilayer coating. The values of R, Rc and Rp for weeks 1 to 5 were obtained by using ECA. The results
show that Rt remains almost constant during the first two weeks. However, the Ry increases during
the first week compared to the initial measurements. This increase in R, is due to a significant
increase in R, as the coating system may experience clogging of some pathways. This partially blocks
the diffusion of ions to the substrate surface or interface (substrate-coating). However, the interface
may remain active if pathway clogging is insufficient to suppress electrochemical activity. Therefore,
anincrease in Rc does not necessarily imply an increase in the Rt parameter, as the corrosion process
at the substrate surface depends on coating conditions and the available pathways for the
electrolyte solution to penetrate the substrate. Thus, in some cases, an increase in Rc may keep the
corrosion process on the substrate surface almost unchanged (R« remains almost constant), while
in others, it mitigates the corrosion process (Rc increases).

In addition, when R. remains constant over time, R« may decrease, as illustrated in Figure 12A
between weeks 2 and 3. This behaviour may be due to the constant flow of ions through the pathways
over time, which feeds the corrosion process and increases electrochemical activity at the substrate-
coating interface (R decreases). It should also be noted that ions diffusing towards the substrate-
coating interface can promote galvanic and crevice corrosion between the coating and substrate [39],
in which case the coating acts as a cathode and increases damage to the substrate surface.

Between weeks 3 and 7, the R, remain below 80 kQcm?, where increases in Rc lead to increases
in Ret, while decreases in R favour corrosion of the substrate surface (R« decreases). However, EIS
measurements taken at weeks 6 and 7 reveal unusual behaviour in the low-frequency range, as
illustrated in Figures 13A to 13C.
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B) 9 vs. log f, C) log |Z] vs. log f; D) equivalent circuit used for fittings

These low-frequency features may reveal the contribution of another component of the coating
system to the corrosion process. In this case, the EIS technique may detect the individual
contributions of the two TiN layers involved in the TiN-Bilayer coating system (i.e. L1 and L2).
Therefore, for the last two weeks of measurements, we propose implementing an equivalent circuit
that takes into account the individual contributions of layers L1 and L2 to R.. Figure 13D shows the
proposed equivalent circuit (ECC). In the ECC, Rsl, Qaiand Rc: represent solution resistance, double
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layer capacitance and charge transfer resistance, respectively. Reirin-11) (L1 resistance) and Qci(tin-11)
(L1 capacitance) represent the individual contribution of layer L1 and Rcmin-1z) and Qea(rin-12)
represent the individual contribution of layer L2. Therefore, the R for weeks 6 and 7, as shown in
Figure 12A, are the sum of the contributions from layers L1 and L2 (Rc = Rcarin-L1) + Rea(min-12)), as
detailed in Figure 12B.

The results indicate that L1 contributed more than L2 over the last few weeks. In fact, in week 7,
Remin-12) has a very low value compared to Rcyin-11), indicating that layer L2 has decreased its level of
protection. This allows ions to flow more easily towards the L1-L2 interface, probably causing the
accumulation of electrolyte solution at this interface and undoubtedly promoting electrochemical
activity in the substrate-coating interface. This could be the main reason why the EIS technique can
discern the individual contributions of the two layers. To verify the low-frequency behaviour of the
TiN-bilayer, impedance measurements were extended over two weeks (weeks 8 and 9). The Nyquist
and Bode plots for weeks 8 and 9 exhibited low-frequency characteristics similar to those observed in
the curves for weeks 6 and 7 (see Figures 13A to 13C), prompting the application of ECC. The results
Ret, Rc and R, obtained from the impedance data fitted by the ECC implementation for weeks 8 and 9
are shown in Figure 12A, and in more details in Figure 12B. These figures indicate the degree of
degradation of layer L2. Figure 12B shows the general contribution of layers L1 and L2 (Rcrin-11) and
Remin-12), respectively) over weeks 6, 7, 8 and 9. Overall, the contribution of layer L2 is small relative
to that of layer L1 over the last four weeks. This behaviour suggests that the L2 layer is heavily
infiltrated by the electrolyte solution and therefore does not represent an effective barrier against the
aggressive medium during these final weeks. Therefore, over time, layer L1 becomes the only effective
barrier against ion diffusion towards the substrate surface. However, it also slowly becomes infiltrated
by the electrolyte solution over time, resulting in the TiN-bilayer coating system losing its protective
capacity. Additionally, Rc: tends to decrease during the last two weeks, indicating that electrochemical
activity on the substrate surface increases over time. In fact, R« decreases even though when Reiin-
L1) increases during weeks 8 and 9. This behaviour may be due to the fact that these increases in Rei(rin-
L1) are insufficient to mitigate corrosion at the substrate surface. This may be because these increases
in Rearin-L1) are certainly due to the blocking of some pathways in the L1 layer; however, these blocked
pathways may represent a small proportion of the total, and therefore, the corrosion process cannot
be mitigated, and it will continue on the substrate surface.

From this point of view, it is important to note that, although R, is a parameter that indicates the
level of insulation that the coating system offers to the substrate, Rt is equally important and can some-
times behave in a way that contrasts with Rc and Rp. This is mainly because R is the result of the inter-
action between the substrate surface and electrolyte solution (an aggressive medium) that arrives from
the coating surface through pathways and accumulates at the substrate-coating interface.

Therefore, although this interaction is fuelled by the arrival and activity of aggressive ions, it will
be difficult to mitigate corrosion on the substrate surface, even if some pathways are obstructed,
thereby increasing the Rc parameter. Consequently, for coatings highly susceptible to defects, which
can act as ion diffusion pathways (such as the TiN coating in our case), analysis of R, alone may not
be sufficient to determine the electrochemical behaviour over time, because the R, could hide what
is actually occurring at the substrate-coating interface. Therefore, it is very important for the
analysis of Rt and Rc to better understand the electrochemical response of the coating system under
aggressive environmental conditions.

From the over-time analysis of the TiN-bilayer coating system, it can be concluded that, for some
coating systems, as immersion time increases, the relationship between R and R becomes more
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complex. For example, increases in Rc from the result of pathways clogging should produce increases
in R, i.e. a decrease in electrochemical activity at the substrate-coating interface. However, as
immersion time passes, these increases in R. do not seem to be sufficient to mitigate the corrosion
process at the substrate-coating interface, where R can remain constant. In other cases, the Rt can
decrease despite an increase in R, indicating that the electrochemical activity has reached a level
at which clogging a few pathways in the coating system cannot mitigate the corrosion process at the
substrate-coating interface. This situation indicates the level of deterioration of the coating system.
The resistance values for weeks 8 and 9 shown in Figure 12B illustrate this behaviour, where R for
each layer (Rcyin-L1) and Rey(rin-12)) increase compared to the same values in the week 8, i.e. R¢(sum
of Reyrin-t1) and Rea(rin-12)) increase from 29.192 (week 8) to 33.644 kQcm?, this increase in Rc indicate
an increase in the insulation capacity of the coating system, which should decrease the
electrochemical activity in the substrate-coating interface increasing the R, but this does not occur,
the R« decrease from 23.191 (week 8) to 15.720 kQcm? indicating that the electrochemical activity
increase. Therefore, this result suggests that in the last weeks of immersion, the substrate-coating
interface is very active and although the coating system undergoes clogging of some pathways,
increasing the R, this cannot mitigate the corrosion process in the substrate surface, which indicates
the lost protective capacity of the TiN-bilayer coating.

Figure 14 shows how Rc;, Rc and R, vary over time for the W/TiN-bilayer coating system. It shows
that the W/TiN-bilayer coating system exhibits better behaviour in an aggressive medium than the
TiN-bilayer coating system. Although the coating system showed some instability during immersion
(with the R, decreasing and increasing), the R« remained above 100 kQcm?, indicating good
performance compared to the TiN-bilayer coating system.
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Figure 14. Time changes of EIS generated R, Rc and R, values for W/TiN-bilayer coating

However, it is important to point out that among weeks 5 and 6, the Rc increases to about 10 kQQ
cm?; however, the values in R differ by barely 2 kQ cm? (as shown in Figure 14), indicating that at
the substrate-coating interface, the electrochemical activity becomes important. Nevertheless, and
as discussed in previous paragraphs, the W film on the TiN-bilayer system can be considered a
diffusion barrier that delays the deterioration of the TiN layers involved in the coating system. The
W film’s favourable behaviour is partly due to the natural properties of the W element. In our
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particular case, however, the diffusion process between the W film and L2 (already discussed above
with structural characteristics of obtained coating systems) suggests that the W thin film is
essentially composed of two parts (see Figure 6B): the first part contains only a-W, and immediately
below it, the second part contains a W-TiN compound related to the W-Ti-N ternary alloy. Therefore,
when a W-Ti-N ternary alloy is part of a W/TiN-bilayer coating, it significantly contributes to the high
corrosion resistance of the W thin film because the W-Ti-N systems are used as diffusion barriers
due to their anticorrosive properties [20].

Mechanical properties

Hardness

The mechanical properties of the coatings were determined by nanoindentation tests using
indentation loads in the uN range. Figure 15A illustrates the load-unload curves and Figure 15B
shows the indentation stress (o) vs. contact depth (hc) curves, which can be used to define the
mechanical properties of different materials. The oi vs. hc curves were obtained considering the
stiffness parameter S (dP/dh) for each indentation test, where P and h are the applied load and the
indentation depth.
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Figure 15. A) Load-unload curves for both coating systems, B) c; vs. h. for both coating systems,
C) reduced composite elastic modulus vs. h. for both systems

The experimental values of the S parameter were described as a function of the indentation load
by a polynomial function. We used this method in previous work [40]. The contact depth (hc) is
calculated using Equation (2) [41]:

h, =hi—0.75£ (2)
S

where P is the applied load and h; is the indentation depth.
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Comparing the load-unload curves, it can be observed that the W/TiN-bilayer has lower
mechanical properties than the TiN-bilayer coating system. The load-unload curve for the W/TiN-
bilayer coating has a slight shift to the right compared to the load-unload curve for TiN-bilayer
coating, indicating that the maximum penetration depth of the W/TiN-bilayer is greater than that
of the TiN-bilayer. Thus, this behaviour suggests a slight decrease in the mechanical properties of
the W/TiN-bilayer coating system compared to the TiN-bilayer coating system. This feature is
reflected in the a7 vs. hc curves calculated from load-unload curve data (Figure 15B). In this graph,
the curve corresponding to the W/TiN-bilayer coating is below the curve corresponding to the TiN-
bilayer coating curve. Therefore, from these results, the hardness for the W/TiN-bilayer and TiN-
bilayer coatings is approximately 21.2 and 22.9 GPa, respectively. This difference in hardness
between the two systems is undoubtedly due to the W thin film having a lower intrinsic hardness
than the TiN layer. To obtain information about the influence of the mechanical properties of the W
thin film on the global system, the JH model has been used. This model was proposed by Jonsson et
al. [42]. Thus, the composite hardness is expressed by Equation (3):

A A
H :Xfo+ZSH (3)

C S

where Hr and Hs are the hardness of the film and the substrate and As/A and As/A are the area
fraction corresponding to the coating and the substrate, based on the projected area that the
indenter produces when it penetrates from the surface of the coating. For practical purposes, the
L2 layer (TiN coating) is considered the substrate for the W thin film, since the maximum contact
depth is only about 80 nm. In fact, the load levels used in this work yield a penetration depth that is
much less than 10 % of the thickness of the coating system, resulting in a very small influence of the
L1 layer and the 304SS substrate on the mechanical properties of the W thin film. Thus, the hardness
values obtained from the application of the model are approximately 18 and 24 GPa for W thin film
and the L2 layer, respectively.

Elastic modulus

In the same sense to the hardness, the reduced composite elastic modulus (E;) vs. contact depth
(hc) for both systems was calculated from load-unload curves (Figure 15C) using equation (4)[14]:

s=P_28 ¢ pun )

dh VT
From Equation (4) it is possible to rewrite the reduced composite elastic modulus, Equation (5)

g o Sin (5)
28\JA.

where Ac is the contact area projected by the indenter, calculated as a function of h, and expressed

by Equation (6):
Ah =C,h? +Ch +C,h"* +C;hY* +C,h % +Ch (6)

The form of this expression was developed by Oliver and Pharr [41,43], where Co......Cs are
constants determined by calibrating the nanoindentation test using a homogeneous material such
as fused quartz. S~ 1.05 is a correction factor that accounts for stiffness deviations due to the lack
of axial symmetry of the pyramidal indenter. Therefore, from these results, the hardness for the
W/TiN-Bilayer and TiN-Bilayer coatings is approximately 254 and 263 GPa, respectively. Equal to the
hardness, the reduced elastic modulus for the W film Ef was also calculated using the JH model to
determine the individual value of this property for the W thin film, taking into account the
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considerations that comment Puchi-Cabrera et al. [44] for this calculus. The obtained values for Eif
(W thin film) and Es (TiN coating) are 205 and 258 GPa, respectively.

Mechanical properties relationship

The mechanical properties of both composite coating systems are summarized in Table 2.

Table 2. Mechanical properties for both coating systems.

Composite coating systems Hardness, GPa Reduced composite elastic modulus, GPa
W/TiN-bilayer 21.2 254
TiN-bilayer 22.9 262

As shown in Table 2, the results suggest that the two coating systems exhibit very similar
mechanical behaviour. The hardness difference between the two systems is just 1.7 GPa, and the
elastic modulus difference is only 10 GPa. This indicates that the two systems exhibit similar
mechanical properties. As mentioned in previous paragraphs, the W thin film exhibits a value of
18 GPa, and therefore, its contribution tends to slightly decrease the overall hardness of the
W/TiN-bilayer compared with the TiN-Bilayer system. However, it is notable that the hardness of the
W thin film is very high, despite being grown in a vacuum chamber at a pure argon working pressure
and despite its low thickness. Regarding the diffusion process between the L2 layer and the W thin
film, as discussed in previous sections, we believe that the hardness of the W thin film is actually a
combination of the two parts (see Figure 6B), where the first part is pure W and the second part is a
W-TIiN compound formed during the interlayer diffusion process. This compound can improve the
film's mechanical properties through direct interaction with TiN and its thin thickness, making the
second part's contribution significant. Therefore, a high hardness value (18 GPa) could be expected
from the W thin film. This behaviour demonstrates a strong relationship between the substrate's
nature and the film's mechanical properties. Therefore, it is important to note that the diffusion
process in multilayer coating systems (which can occur during or after film growth) is critical because
it can form new interfaces that ultimately determine the properties of the coating system and improve
its performance. Based on the above, the W/TiN Bilayer system produced under the experimental
parameters specified in this study can be considered an alternative hard-diffusion barrier.

Conclusions

The present work has shown that a W thin film deposited on a TiN bilayer coating exhibits a cubic
a-W phase along the [110] direction. In the case of TiN coating, the preferential directions were the
[111] and [200], however, peaks of lower intensity appear, indicating the directions [220], [311] and
[222]. AES results show a diffusion zone defining a W-TiN composite that acts as an interface
between the W thin film and the L2 layer. Magnetron sputtered TiN layers L1 and L2 grown at
substrate temperature of 250 °C, show pyramidal grain structures. Particular rose-shaped nodular
defects were also found in the L1 (TiN/304SS) layer. Regarding the electrochemical behaviour, the
high Rt and R, over time for the W/TiN-bilayer coating system compared to the TiN-bilayer coating
system showed that the W thin film deposited on the TiN-bilayer acts as a barrier, increasing the
corrosion resistance. It is also important to point out that for TiN-bilayer coating system at the end
of the immersion time (the last three weeks) the R. tends to increase, however the R tends to
decrease, indicating the deterioration level of the coating system, besides, the results for the last
three weeks also showed a small individual contribution of the L2 layer to Rc compared to the
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contribution of the L1 layer, another indication of damage of the TiN-bilayer coating system.
Therefore, the results suggest that, as time passes, the relationship between R and Rc becomes
complex, because although R increases, Rt may tend to decrease, indicating strong electrochemical
activity in the substrate-coating interface and, hence, the loss of the insulation capacity of the
coating system. In addition, this study demonstrates that the electrochemical behaviour of both
coating systems obtained from the initial measurements is generally consistent with that observed
over time. Specifically, the corrosion performance of the W/TiN bilayer coating system is superior
to that of the TiN bilayer coating system. It should be noted that certain characteristics can only be
determined over time, as is the case with the TiN-bilayer coating system.

Comparing the mechanical properties of the coating systems, it can be concluded that the W/TiN-
bilayer coating system has a lower composite hardness than the TiN-bilayer coating system, but this
difference in hardness is small (about 1.7 GPa). The results suggest that this difference is mainly due
to the W thin film deposited on the TiN coating (layer L2), which has lower mechanical properties
than the TiN substrate, which has an obvious effect on the global mechanical properties of the
coating system. However, the individual hardness of the W film is high (18 GPa) and it can be
considered as a hard thin film. The results suggest that the diffusion process at the interface (layer
L2-W thin film) may have an important contribution to the final definition of the properties of the
W thin film. Considering the differences in the mechanical properties of both coating systems, which
are relatively small, as well as considering the electrochemical behaviour, which indicates a
substantial improvement with the incorporation of the W thin film, the W/TiN-bilayer coating
system can be an alternative as a hard and anticorrosive coating, incorporating the knowledge of
the other properties associated with W compounds.
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