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Abstract

In this study, the electrochemical corrosion behavior of TiAlZrTaNb nitride thin films
deposited on 304 stainless steel substrates was investigated. The thin films were synthesized
using high-power impulse magnetron sputtering (HiPIMS) and are classified as high-
entropy alloys (HEAs). The microstructure, morphology, and chemical composition of
the coatings were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDS), respectively. Corrosion resistance
was evaluated through electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization tests, employing tap water, acetic acid, and citric acid solutions at room
temperature as electrolytes. The results demonstrated that the TiAlZrTaNbN coating
exhibits a dense and homogeneous structure with a uniform elemental distribution. XRD
analysis revealed the presence of face-centered cubic (FCC) crystalline phases, which
significantly contribute to the coating’s corrosion resistance. Furthermore, the coating
displayed exceptional corrosion performance in both acetic acid and citric acid electrolytes—
simulating food environments with a pH ≤ 4.5—as revealed by a substantial reduction
in corrosion current density and a positive shift in corrosion potential. These findings
provide valuable insights into the properties of TiAlZrTaNbN coatings and underscore
their potential for enhancing the durability of mechanical components employed in the
food industry.

Keywords: high-entropy nitride coating; HEA; TiAlTaZrNbN; corrosion resistance; HiPIMS

1. Introduction
High-entropy alloys (HEAs) have recently attracted significant attention as alternative

materials for surface coatings, owing to the unique properties derived from their multi-
component compositions and complex structures. These alloys typically comprise five or
more elements, each present in atomic percentages ranging from 5% to 35%. This composi-
tional diversity promotes the formation of solid-solution structures, imparting exceptional
mechanical properties, thermal stability, high corrosion resistance, and chemical stability
in demanding environments [1]. Previous studies on alloys such as (TiHfNbZrTa)N [2],
(TiZrNbTaFe)N [3], and (TiZrNbAlYCr)N [4] have demonstrated superior properties com-
pared to traditional alloys. These enhancements are attributed to the synergistic effects
of high entropy, sluggish atomic diffusion, lattice distortion, and the so-called cocktail
effect [5].
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The functionality of these coatings is determined by their intended application, which
depends on the constituent elements, the deposition technique employed, and their perfor-
mance under specific environmental conditions. Additionally, these coatings exhibit high
hardness due to the presence of transition metal elements, which contribute to elevated
hardness at high temperatures, optimal substrate adhesion, and chemical stability [6–8].

The corrosion and oxidation resistance of HEAs have been extensively investigated,
revealing their potential as protective coatings, particularly when they contain elements
such as Cr, Co, Ni, Ti, and Mo, which enhance corrosion resistance. The incorporation of Mo
improves pitting resistance, whereas elements such as Al, Cu, and Mn may reduce corrosion
resistance due to microstructural changes or the formation of undesirable phases. Likewise,
the oxidation resistance of HEAs, especially those containing Al, Cr, and Si, is attributed to
the formation of dense, protective oxide layers at elevated temperatures, rendering them
suitable for high-temperature applications. Studies indicate that HEA coatings can surpass
traditional coatings in oxidation resistance, with grain structure, chemical composition,
and the presence of specific phases playing critical roles [9].

In high-entropy alloys containing transition metal nitrides, nitrogen content plays a
pivotal role in determining the microstructure, as well as the mechanical and anticorrosive
properties of the material. Shu et al. reported that, in (TiNbZrTa)N coatings, the presence
of nitrogen induces a phase transformation from body-centered cubic (BCC) to a NaCl-
type face-centered cubic (FCC) structure, with lattice parameters comparable to those of
binary nitrides. These coatings exhibit reduced surface roughness and increased density;
a grain morphology analysis further indicates that nitrogen facilitates the synthesis of
smoother surfaces with finer grains [10]. However, the corrosion performance of these
films, when evaluated in 0.1 M sulfuric acid electrolytes, revealed comparatively lower
corrosion resistance for these high-entropy nitrides.

Bachani et al. [3] investigated the corrosion behavior of two high-entropy alloys,
[TiZrNbTaFe and (TiZrNbTaFe)N], with varying nitrogen contents, deposited on 304SS,
420SS, and P-type Si (100) substrates in a 35 wt.% NaCl solution. Potentiodynamic polariza-
tion measurements demonstrated a broad passivation range (943–1520 mV) for the coated
samples, in contrast to 573 mV for the uncoated 304SS substrate. The corrosion current
density (I_corr) for the 304SS substrate was approximately 0.211 µA/cm2, whereas the
TiZrNbTaFeN coating exhibited a significantly lower value of 0.036 µA/cm2, indicating
enhanced corrosion resistance imparted by the coating. Furthermore, electrochemical
impedance spectroscopy (EIS) revealed that the capacitive loop sizes for the coated samples
were substantially larger than those of the 304SS substrate, reflecting improved capacitive
behavior and greater resistance to charge transfer, which the authors attribute to the dense
microstructure of the coatings.

In the physical vapor deposition (PVD) sputtering process, various parameters, in-
cluding sputtering power, target distance, deposition temperature, and gas pressure, sig-
nificantly influence the quality and composition of the coatings. The chamber pressure
is particularly important, as it affects the particle density by determining the energy of
arriving sputtered particles and thereby alters the coating’s growth pattern [11]. Advances
in plasma deposition processes, such as high-power impulse magnetron sputtering (HiP-
IMS), have enabled the production of high-quality thin films by increasing the ionization of
the deposition flux. HiPIMS typically operates at voltages between 400 and 2000 V and
current densities of 0.1–10 A cm−2, utilizing voltage pulses around 50 Hz to achieve high
instantaneous power and generate dense plasma [12,13]. The intensified ion bombardment
during film growth promotes the development of thin, dense coatings with high hardness
and improved adhesion [14]. Coating density is a critical parameter, as it enhances the
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coating’s effectiveness as a barrier to mass diffusion, thermal exposure, corrosion, and
wear [15]

In this study, TiAlZrTaNb nitride thin films were deposited on 304 stainless steel
(304SS) substrates using the HiPIMS technique. The coatings will be analyzed to evaluate
their compositional, morphological, structural, and microstructural characteristics. Finally,
electrochemical corrosion tests will be conducted to assess the coatings’ performance in
three electrolytes commonly used as test media in the food industry.

2. Materials and Methods
(TiAlZrTaNb)Nx coatings were deposited onto AISI 304 stainless steel substrates

using the HiPIMS technique. The deposition system comprised a water-cooled magnetron
equipped with a 100 mm diameter target, having an equiatomic chemical composition
of 20% Ti, Al, Zr, Ta, and Nb. Plasma generation was achieved using a Hipster Pulser,
model 100–200 VAC, ( Ionautics, Stockholm, Sweden) in combination with a synchronizer
operating at a frequency of 600 Hz and a pulse width of 60 µs. Prior to deposition, a
base vacuum pressure of approximately 3.5 × 10−4 Pa was established. The coatings were
synthesized at a substrate temperature of 250 ◦C, a working pressure of 5 × 10−1 Pa, and
gas flow rates of 233 × 10−9 m3/s for argon (Ar) and 33.3 × 10−9 m3/s for nitrogen (N2).
Under the established deposition conditions and with an estimated deposition time of
30 min, 200 nm-thick coatings were deposited. The thicknesses were measured by means of
confocal microscopy. Table 1 summarizes the principal deposition parameters used during
the fabrication of the coatings.

Table 1. Deposition parameters used for the fabrication of (TiAlZrTaNb)Nx coatings by HiPIMS.

Parameters Values

Deposition time [min] 30
Frecuency [Hz] 500
Pulse width [µs] 60

N2 flow rate [m3/s] 33.3 × 10−9

Ar Flow rate [m3/s] 233 × 10−9

Working pressure [10−3 mbar] 5.07 ± 0.15
Substrate temperature [◦C] 250.43 ± 0.98
Discharge Voltage Udc [V] 628
Discharge current Idc [mA] 302.86 ± 3.44

Peak Power Pavg [W] 190.57 ± 2.57
Peak Current Ipk [A] 13 ± 0.58

The substrates consisted of AISI 304 stainless-steel discs with a diameter of 12.70 mm
and a thickness of approximately 2.5 mm. These samples were polished to a mirror-like
finish and subsequently cleaned in an ultrasonic bath with acetone and isopropyl alcohol.
An additional cleaning step involved etching in the sputtering system at a temperature of
up to 250 ◦C, under a pressure of 2 Pa, with an argon flow rate of 233 × 10−9 m3/s, and a
current intensity of 0.050 A for 10 min.

The structure of the coatings was analyzed by X-ray diffraction (XRD) using a PAN-
alytical X’Pert Pro diffractometer with Cu Kα radiation (λ = 1.54 Å). Crystallite size was
estimated based on the average full width at half maximum (FWHM) of the peaks obtained
from the reference diffraction pattern. The Voigt function, Gaussian adjustment of the
spectrogram, and the Scherrer equation were employed for crystallite size estimation.

The chemical composition of the coating was determined using energy-dispersive
X-ray spectroscopy (EDS). The analysis was carried out using a EDS Bruker Nano GmbH
(Bruker, Berlin, Germany) probe at a magnification of 500×. The sample morphology
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was characterized using a scanning electron microscope (SEM) from Bruker Nano GmbH,
operating under vacuum pressures ranging from 4 × 10−2 to 5 Pa, with a working distance
of 15 mm and magnifications of 500× and 1000×. An accelerating voltage of 30 kV was
applied, and both secondary electron and backscattered electron detectors were utilized.
This study was complemented by confocal laser scanning microscopy (CLSM) using a
ZEISS LSM 700 (Carl Zeiss, Oberkochen, Germany) microscope. Images were acquired at a
magnification of 500× at a minimum of two locations within the area of interest, using a
47 µm pinhole and a 405 nm wavelength laser.

The chemical composition of the coatings was determined using energy-dispersive
X-ray spectroscopy (EDS) with a Bruker Nano GmbH probe at a magnification of 500×.
Sample morphology was characterized by scanning electron microscopy (SEM) using
a Bruker Nano GmbH instrument, operating under vacuum pressures ranging from
4 × 10−2 to 5 Pa, with a working distance of 15 mm and magnifications of 500× and
1000×. An accelerating voltage of 30 kV was applied, and both secondary electron and
backscattered electron detectors were utilized. Confocal laser scanning microscopy (CLSM)
was performed with a Carl Zeiss microscope, acquiring images at a magnification of 500×
at a minimum of two locations within the area of interest using a 47 µm pinhole and a
405 nm wavelength laser. This CLSM was used to measure thickness and roughness.

Electrochemical tests were conducted in three solutions at room temperature, defined
as food simulants in accordance with the CoE protocol and the Italian decree [16]. These
regulations specify the criteria that materials must meet to be considered suitable for food
contact. The solutions used were as follows:

• Acetic acid: 3% (v/v) CH3COOH solution in distilled water, simulating foods with a
pH = 2.5;

• Citric acid: C6H8O7 solution at 5 g/L in distilled water, simulating foods with a pH = 2.18;
• Tap water: simulating aqueous, alcoholic, and fatty foods: pH 6.8 ± 0.5; Conductivity

75 µS·cm−1.

Electrochemical tests were performed using a GAMRY 600 (Gamry Instruments,
Warminster, PA, American) potentiostat. All samples were stabilized for 40 min inside a
Faraday cage prior to each analysis, and data were processed with Gamry Echem Analysis
7.10 software. Potentiodynamic polarization tests were conducted with a starting potential
of −0.3 V and a final potential of 1.25 V, at a scan rate of 0.5 mV/s, using a working electrode
area of 0.196 cm2, a reference electrode of calomel, a contra electrode of platinum, and a
stabilization time of 40 min. Electrochemical impedance spectroscopy (EIS) measurements
were performed at various immersion times (1 h, 24 h, 48 h, 72 h, and 168 h) using an
excitation voltage of 10 mV.

3. Results and Discussion
3.1. Elemental Composition

Energy-dispersive X-ray spectroscopy (EDS) was employed to analyze the elemen-
tal composition of the TiAlTaZrNbN coating deposited on the AISI 304 substrate via the
HiPIMS technique. Measurements were conducted at three distinct points on the sam-
ple, and the chemical composition results showed that the nitrogen concentration was
49.2 ± 0.48 at%, and the concentration of five components is reported in both atomic
percent (% at.) and weight percent (% wt.) in Table 2.

The coating can be classified as an equiatomic alloy with equimolar proportions,
as it contains five principal elements. The compositional variation of each element in
this type of deposition generally depends on factors such as sputtering yield, angular
distribution, and gas scattering [3]. Although aluminum exhibits the highest sputtering
efficiency (1.2) compared to the other target elements [Ta (0.6), Nb (0.6), Zr (0.7), and
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Ti (0.6)] [17], it presented a relatively low atomic concentration in the coating (18.24 at.%).
This phenomenon may be attributed to the rapid depletion of aluminum at the onset of
the process, followed by a decrease in its concentration on the target surface, which limits
its availability for deposition and reduces its flux toward the substrate [14]. Additionally,
this may be exacerbated by the detachment of aluminum from the synthesized surface,
a consequence of its low atomic mass and the bombardment of Ar ions—a phenomenon
previously reported in high-entropy alloy nitride films containing aluminum [18].

Table 2. Elemental composition of the TiAlTaZrNbN coating on the AISI 304 substrate.

Nb Ti Zr Al Ta N

Element concentration %at. 11.87 ± 0.46 12.08 ± 0.12 9.70 ± 0.27 8.89 ± 0.19 8.24 ± 0.24 49.24 ± 0.48

By definition, a high-entropy alloy (HEA) must consist of at least five elements, each
with an atomic percentage between 5% and 35%. This requirement is satisfied by the
TiAlTaZrNbN coating, in which all five elements are considered principal elements, as their
atomic percentages exceed 5%. The configurational entropy (∆Sconf) was calculated using
Equation (1), and, according to the high-entropy alloy criterion (∆Sconf ≥ 1.5 R), the coating
meets this classification [19].

∆Sconf = −R∑n
i=1 (xilnxi) = 2.05R (1)

For the calculated value of 2.05 R, the high configurational entropy and low Gibbs
free energy favor the formation of a solid and thermodynamically stable coating. These
conditions are conducive to achieving exceptional properties, including high mechanical
strength and hardness, superior wear resistance, thermal stability at elevated temperatures,
and enhanced resistance to corrosion and oxidation [20,21]. Table 3 presents a selection of
alloys composed of similar elements, along with their corresponding ∆Sconf values.

Table 3. Examples of high-entropy alloys with corresponding configurational entropy calculation.

HEA ∆Sconf Reference

(TiNbZrTa)N 1.54 R [22]
(TiZrNbTaFe)N 1.67 R [2]

(TiZrNbAlYCr)N 1.89 R [3]

3.2. Microstructure and Morphology

The microstructure and morphology of the deposited coatings were analyzed. Diffrac-
tograms of the thin film deposited on the AISI 304 substrate, obtained via X-ray diffraction,
are presented in Figure 1. The X-ray diffraction pattern reveals the Bragg reflections of the
TiAlTaZrNbN coating on the AISI 304 substrate. On the (111) plane at 2θ positions of 34.28◦

and 34.39◦, and on the (200) plane at 40.70◦ and 41.05◦, it is evident that, for the coating
deposited on steel, the peak associated with the (111) plane is sharper and narrower than
that of the (200) plane.

The diffraction peaks of the TiAlTaZrNbN coating on the substrate are shifted toward
lower diffraction angles compared to those of the TiN structure, as indicated in the figure,
which corresponds to an increase in the lattice parameter (0.4466 nm) relative to pure TiN
(0.424 nm) [23]. This shift may also indicate the presence of compressive stresses [24].
Furthermore, based on the peak positions, it can be inferred that the coating exhibits a
face-centered cubic (FCC) structure of the NaCl type, forming a solid solution phase with
crystalline microstructures. This is characteristic of high-entropy alloys, which tend to form
single-phase microstructures due to their sluggish diffusion effect [3].
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(a)

(b)

Figure 1. (a) X-ray diffractogram for the TiAlTaZrNbN coating, and (b) SE and BSE images obtained
by SEM magnification 1000× of the TiAlTaZrNbN coating on AISI 304 substrate.

The crystallite size and lattice parameter for the coatings on AISI 304 in the (111)
plane were found to be 16.57 nm and 0.4466 nm, respectively. Comparison with other
studies reveals similar parameters in other high-entropy nitrides. Specifically, for the
(TiZrNbAlYCr)N and (AlCrMoTaTiZr)N films, the crystallite sizes and lattice parameters
are 15 nm, 15.74 nm, 0.437 nm, and 0.4288 nm, respectively [4,25]. Additionally, the
crystallite size obtained in this study is larger than that reported for the (TiZrNbTaFe)N
layer, which ranges from 5.1 to 9.2 nm, with a lattice parameter of 0.4401 nm [3].

The surface of the coating appears smooth and dense, without distinctive features,
pores, or roughness, indicating homogeneous agglomeration Figure 1b However, the spe-
cific growth pattern of the coating cannot be conclusively determined. Generally, coatings of
this nature may exhibit either columnar morphologies or fine-grained microstructures [26].
Figure 1b allows for the observation of a smooth surface, without visible defects onset as
pores or fractures, with a measured roughness of 0.049 ± 0.02.
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3.3. Corrosion Performance

The corrosion performance of the coating was evaluated by means of an electrochem-
ical test. Figure 2 shows the potentiodynamic polarization curves for both the AISI 304
substrate and the coating deposited on the substrate in various solutions: 3% (v/v) acetic
acid in distilled water, 5 g/L citric acid in distilled water, and tap water. In Figure 2a,
the coating sample exhibits a lower corrosion current density compared to the substrate
sample. This suggests that the coating provides improved corrosion resistance to the se-
lected substrate. This behavior can be partially explained by the fact that the high-entropy
film possesses an FCC solid solution structure, which typically exhibits better corrosion
resistance than stainless steels, as it acts as a diffusion barrier, preventing corrosion caused
by ion diffusion [27].

Figure 2. Potentiodynamic polarization curves of the substrate and the (TiAlTaZrNb)N coating;
electrolytes: (a) acetic acid solution; (b) citric acid solution; and (c) tap water.

Similarly, the potentiodynamic polarization curves of the AISI 304 substrate and the
coating deposited in a 5 g/L citric acid solution provide information about the corrosion
behavior (Figure 2b). It can be observed that the coating sample also exhibits a lower corro-
sion current density in this medium, suggesting that the TiAlTaZrNbN coating provides
better corrosion resistance.

In contrast, for the third medium, the curves for the coating and substrate in tap water
are shown in Figure 2c. According to the European Protocol, this electrolyte simulates
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aqueous, alcoholic, or fatty foods. Both curves show passivation zones; the substrate
has lower potential values than the coating. However, both curves exhibited minimal
potential differences, suggesting that the corrosion resistance did not vary significantly.
The coating, with its slight leftward shift compared to the substrate curve, shows a slightly
lower corrosion current density but presents a slightly more negative corrosion potential.

From these curves, the values of corrosion current density (Icorr) and corrosion po-
tential (Ecorr) shown in Table 4.0 were obtained, using the corresponding curve fitting
performed with the Gamry Echem Analyst software. The Icorr and Ecorr values obtained
for the substrate in acetic acid were 283 nA/cm2 and −141 mV, respectively, while for the
coating, the values were 6.050 nA/cm2 and −59.20 mV. In the same way, the parameters in
the citric acid solution were 472 nA/cm2 and −205 mV, respectively, while for the coating,
they were 5.47 nA/cm2 and −97.40 mV. These results indicate that a higher Ecorr and a
lower Icorr represent better corrosion resistance [27], since a more positive Ecorr value
reflects a lower thermodynamic tendency to corrode and a lower Icorr value corresponds
to a lower dynamic corrosion rate [28]. Therefore, the corrosion parameters determined
for the coated sample demonstrate that the coating acts as an effective barrier between the
active surface of the untreated sample and the electrolyte.

Table 4. Results obtained through Tafel fitting in Gamry Echem Analysis for the substrate and the
(TiAlTaZrNb)N coating; electrolytes: 3% (v/v) acetic acid, 5 g/L citric acid, and tap water.

Electrolyte Sample Icorr
(nA/cm2)

Ecorr
(mV)

Corrosion
Rate (mpy)

Pitting
Potential (mV)

Acetic acid
AISI 304 283.0 −141.0 658.9 × 10−3 -

(TiAlTaZrNb)N 6.050 −59.20 14.1 × 10−3 -

Citric acid
AISI 304 472.0 −205.0 1100 × 10−3 0.3

(TiAlTaZrNb)N 5.47 −97.40 12.7 × 10−3 0.58

Tap water AISI 304 13.50 −77.6 31.4 × 10−3 0.3
(TiAlTaZrNb)N 7.55 −94.80 17.6 × 10−3 0.5

Additionally, in Figure 2c, it can be observed that both curves exhibit passivation
behavior. The protective efficacy of the passive film on the substrate and coating would be
related to the integrity and uniformity of the passive film [29]. This was confirmed by the
corrosion current density (Icorr) and corrosion potential (Ecorr) values shown in Table 4.
The obtained Icorr and Ecorr values for the substrate in tap water were 13.50 nA/cm2 and
−77.6 mV, respectively, while for the coating, the values were 7.55 nA/cm2 and −94.80 mV.

It is also evident that the corrosion rate found in the acid mediums is lower for the
coating compared to that of the steel. Furthermore, using Equation (2), the protection
efficiency of the films can be calculated; a protection efficiency of 98.88% was obtained in
the acetic medium and 98.80% for the citric medium. Similarly, the corrosion rate in tap
water is comparable. Both are on the order of 10−3, although the substrate rate is slightly
higher. In this case, the protective performance of the film shows an efficiency of 44.07%.

Pi (%) =

[
1 −

(
Icorr

I0
corr

)]
× 100 (2)

In addition to this, the coating showed no evident alterations in its structure, such as
pores, cracks, or pitting, but instead remained as a homogeneous and dense layer on the
substrate. Regarding the EDS chemical composition analysis of the coating before and after
the potentiodynamic polarization test, it shows that the atomic percentage of the elements it
is composed of does not present significant differences. Complementing this, the roughness
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data before and after the corrosion test are presented in Table 5, which confirms that there
are no significant changes in the average surface roughness.

Table 5. Roughness data before and after the Tafel analysis in electrolytes: acetic acid, citric acid, and
tap water.

Electrolyte Sample Pa (µm) Psk (µm) Pv (µm)

Acetic acid
Before 0.049 ± 0.02 0.425 ± 0.15 0.079 ± 0.02
After 0.027 ± 0.001 −0.403 ± 0.12 0.102 ± 0.03

Citric acid
Before 0.028 ± 0.003 0.296 ± 0,26 0.065 ± 0.02
After 0.024 ± 0.019 −0.193 ± 0,37 0.056 ± 0.09

Tap water Before 0.032 ± 0.002 −1.287 ± 0,92 0.244 ± 0.09
After 0.030 ± 0.006 −0.20 ± 0,42 0.101 ± 0.05

Electrochemical impedance spectroscopy (EIS) was employed to evaluate the corrosion
behavior and electrochemical mechanisms of both coated and uncoated substrates in a
solution, using an equivalent circuit model. Measurements were taken after a 40 min
stabilization period at 0, 24, 48, 72, and 168 h. The phase diagram allows for the visualization
of the two representative behaviors of the EIS technique, namely the high-frequency region,
associated with the capacitive behavior of the coating, and the low-frequency region with a
negative slope, which is related to the resistive behavior of the electrolyte.

Initially, as shown in Figure 3a,b, at 0 h and a frequency of 0.01 Hz, the impedance
of the substrate is slightly lower than that of the coated sample. At lower frequencies,
the coating exhibits a slightly higher impedance compared to the substrate, indicating
better resistance to polarization, except in the case of the tap water electrolyte [Figure 3c],
where the substrate shows higher impedance values at lower frequencies. Furthermore,
the analysis of the graphs over time revealed consistent behavior relative to time 0.
Figure 3d shows the electrical equivalent circuit model used to analyze the electrochemical
impedance response.

The phase angle and impedance modulus at the initial time (0 h) for the substrate
and the coating in the three solutions are presented in Figure 3. After 1 h of immersion,
the phase angle at 0.01 Hz is lower for the uncoated substrate than for the coated sample,
which exhibits a higher phase angle for the three electrolytes. During this period, the
highest phase angle for the substrate was observed in the acetic acid solution at approxi-
mately 71.83◦ (0.5 Hz), in citric acid at 73.17◦ (0.99 Hz), and in tap water at 75.72◦ (around
0.79 Hz), while the coating reaches higher values of 79.79◦, 79,99◦ and 76.60◦, respectively.
Analyzing the overall behavior of the systems, a slight increase in the phase angles as-
sociated with the coating is presented, indicating a stable consistency and uniformity of
the TiAlTaZrNbN film. Additionally, the coating exhibits a higher phase angle at lower
frequencies, highlighting its superior capacitive performance.

The electrochemical impedance spectroscopy (EIS) results obtained for the three elec-
trolytes under investigation were fitted using the simple impedance model in REAP2CPE
(Rapid Electrochemical Assessment of PAINT-REAP) within the Gamry Echem Analyst
software. This model incorporates the constant phase element (CPE), consisting of three
resistors and two constant-phase elements (imperfect capacitors), which enables a more
accurate fit to the experimental data. The polarization resistance (Rp) was calculated as the
sum of the three resistances (Rsol + Rcor + Rpo).

Table 6 presents the parameters derived from the fitted model, allowing for a com-
parison of the coating and substrate performance in the three solutions. A higher pore
resistance (Rpo), observed for the coating in both acetic and citric acid electrolytes at 0 h
and 168 h, indicates superior electrochemical stability and corrosion resistance compared
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to the substrate. This improvement is attributed to the reduced pore formation within the
coating, which limits electrolyte penetration to the metal surface and thereby delays the
onset of corrosion. Notably, Rpo is one of the most critical parameters for assessing the
chemical stability of coatings in corrosive environments [30].

(a) (b)

(c) (d)

Figure 3. Phase angle and impedance modulus for AISI 304 substrate and TiAlTaZrNbN coating
as a function of frequency in: (a) acetic acid solution; (b) citric acid solution; (c) tap water; and
(d) Diagram of electrical equivalent circuit model.

Conversely, the capacitance values of both the coating and the substrate are similar,
and both decrease gradually over time. This parameter is related to the film’s ability to
absorb water and its dielectric properties, specifically its capacity to store electrical energy
and resist the conduction of an electric current [31]. The observed decrease in capacitance
suggests that the porosity of the coating increases over time. As the number of pores grows,
the electrolyte can penetrate the coating more readily and potentially reach the substrate.

Furthermore, for the coating in the acetic acid solution, the charge transfer resistance
(Rcor) is lower than the pore resistance (Rpo), indicating that electrolyte penetration through
the pores of the coating is more difficult than the electrochemical reaction between the
substrate and the electrolyte. Additionally, the solution resistance (Rsol) is relatively high,
on the order of 103 Ω, while the film or coating resistance (Rp) is even higher, on the order
of 107 Ω. This indicates that both the penetration of the electrolyte through the film and its
subsequent reaction with the substrate occur at very slow rates [32].

Moreover, throughout the immersion period, the coating consistently exhibited polar-
ization resistance (Rp) values higher than those of the AISI 304 substrate in acidic media, as
shown in Figure 4a,b. This result indicates superior protection against electrolytes and a
lower density of defects in the films. These findings are consistent with the results obtained
from the potentiodynamic polarization analysis.
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Table 6. Fitted EIS parameters for substrate and coating in acetic acid, citric acid, and tap water. Rsol:
solution resistance; Rcor: resistance to corrosion; Rpo: pore resistance; Ccor: constant phase element
between the coating and the substrate; Cc: constant phase element between the electrolyte to the
coating; Rp: polarization resistance.

Electrolyte—
Sample

Time
(min) Rsol (Ω) Rpo (Ω) Cc

(S × sa) m Rcor (Ω) Ccor
(S × sa) n Rp (Ω)

Acetic acid
AISI 304

0 5.5 × 103 7.29 × 105 5.46 × 10−6 0.89 8.29 × 105 8.30 × 10−6 0.90 1.56 × 106

168 5.6 × 103 2.35 × 107 3.80 × 10−6 0.91 7.18 × 103 1.57 × 10−4 0.56 2.35 × 107

Acetic acid
TiAlTaZ-rNbN

0 4.6 × 103 2.52 × 107 5.58 × 10−6 0.91 2.78 × 104 1.15 × 10−5 0.58 2.52 × 107

168 5.4 × 103 5.59 × 107 3.60 × 10−6 0.92 8.40 × 104 1.33 × 10−5 0.58 5.60 × 107

Citric acid
AISI 304

0 1.1 × 103 7.30 × 105 12.6 × 10−6 0.87 3.65 × 108 1.44 × 10−7 0.62 3.66 × 105

168 4.4 × 103 5.15 × 107 7.41 × 10−6 0.92 7.47 × 103 2.55 × 10−6 0.56 5.15 × 107

Citric Acid
TiAlTaZ-rNbN

0 3.6 × 103 1.76 × 107 5.18 × 10−6 0.91 2.67 × 107 2.40 × 10−2 0.53 4.43 × 107

168 4.5 × 103 5.48 × 107 3.97 × 10−6 0.92 1.07 × 107 2.62 × 10−2 0.53 6.55 × 107

Tap water
AISI 304

0 2.8 × 103 2.99 × 105 2.52 × 10−6 0.90 1.64 × 107 5.45 × 10−7 0.58 1.67 × 107

168 13.5 × 103 4.06 × 106 1.93 × 10−6 0.90 1.40 × 108 2.39 × 10−7 0.64 1.44 × 108

Tap water
TiAlTaZrNbN

0 28.1 × 103 5.85 × 106 5.58 × 10−6 0.90 1.28 × 107 1.84 × 10−9 0.65 1.87 × 107

168 36.1 × 103 1.22 × 106 3.93 × 10−6 0.92 7.03 × 107 3.43 × 10−8 0.59 7.16 × 107

Figure 4. Polarization resistance (Rp) of the AISI 304 substrate and the TiAlTaZrNbN coating in
(a) acetic acid solution; (b) citric acid solution; and (c) tap water.
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Regarding the polarization resistance for the tap-water solution, the measurement for
the substrate progressively increases in value, while in the case of the coating, it remains
constant over time at the order of 10−7. This behavior is shown in Figure 5c, where
the substrate registers higher polarization resistance values, indicating strong protection
against the electrolyte. The increase in Rp observed in both curves from 0 h to 72 h is
attributed to corrosion products that block the pores and increase the resistive path [33]. In
other words, as the polarization resistance increases, the porosity decreases.

(a)

(b)

(c)

Figure 5. SEM images of the TiAlTaZrNbN coating on AISI 304 substrate at 1000× and surface
roughness measurement images after EIS analysis in (a) acetic acid; (b) citric acid; and (c) tap water.



Metals 2025, 15, 988 13 of 19

To verify whether any changes occurred in the elements after the EIS analysis, the
chemical composition of the coating on the substrate was also measured. The results
suggest that no significant change in composition occurred. Although the film shows
the presence of some pores, SEM and roughness analyses demonstrate that it continues
to provide effective protection to the AISI 304 substrate against corrosion, as shown in
Figure 5.

3.4. Corrosion Mechanisms
3.4.1. Acetic Acid

According to the EIS analysis, it can be determined that the surface film is the main
element controlling the corrosion process. Its resistance will determine the corrosion
performance, and it is likely that corrosion occurs at defects in the coating. In this case, the
electrolyte (CH3COOH solution in distilled water) dissociates into CH3COO− and H+. The
reaction is reversible, so the final concentration of acetic acid and acetate ions will depend
on the pH of the solution. Near the corrosion potential, metal dissolution reactions occur
along with two cathodic reactions corresponding to the reduction of hydrogen ions and
undissociated acetic acid [34–36]. It is concluded that acetic acid is not an electroactive
species but rather acts as a proton-generating source at the metal surface (acetic acid
dissociation reaction).

The proposed corrosion mechanism for the coating–substrate system involves the
diffusion of the electrolyte towards the AISI 304 substrate through the defects found (pores
or cracks) in the coating. The corrosion reactions are related to the contact between the
electrolyte anions and the metal ions of the substrate. Electrochemical studies show that
cathodic reactions occur on the surface of the film, while anodic reactions take place on
the substrate surface [37]. These can be described by the following reactions: the anodic
reaction (3) and the cathodic reaction (4).

M − ne → Mn+ (3)

O2 + 2H2O + 4e → 4OH− (4)

3.4.2. Citric Acid

Citric acid is one of the food simulants suggested in the European directive for testing
metals and alloys used in contact with food. During the test with this electrolyte, the hy-
drogen evolution reaction is also expected to occur rapidly as the main reaction, along with
the oxygen reduction reaction. According to studies, the activity and diffusion/migration
rate of hydrogen ions are much higher than those of oxygen molecules [38]. Furthermore,
the growth and stability of the passive films generated on the surface will be regulated by
the chemical composition of the alloy and the pH of the aqueous environment.

It is also defined that citric acid is a weak acid and can partially ionize to H+ and
three anionic ions in an aqueous solution H2C6H5O7

−, HC6H5O7
2−, and HC6H5O7

3− [39].
Exposures to citric acid initially increase the release of metals from stainless steels but
result in greater surface passivation and a reduction in metal release over time due to
chromium enrichment in the passive oxide layer [40]. The mechanism will also depend
on the adsorption of the ligand, its ability to form stable complexes, and the kinetics of
the complex detachment from the surface into solution [41,42]. Based on this, and as
reported with acetic acid, the corrosion mechanism proposed involves the diffusion of
the electrolyte to the AISI 304 substrate through defects (pores or cracks) in the coating.
Corrosion reactions are related to the contact between the electrolyte anions and the metal
ions of the substrate.
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3.4.3. Tap Water

In this case, the corrosion mechanism is also proposed as the diffusion of the electrolyte
toward the AISI 304 substrate through defects found in the deposited film. On one hand,
tap water typically has a neutral pH between seven and eight. On the other hand, the
general corrosion process of steel involves a coupled electrochemical reaction consisting
of the anodic oxidation of the metal and the cathodic reduction of oxygen. Regarding the
latter, the reaction current is limited by the diffusion of oxygen [43]. In the case of anodic
oxidation, the proposed corrosion mechanism of steel initially produces water-soluble Fe2+,
and then, the oxidized metal ions react with hydroxide ions to form a mixture of hydrated
iron oxides. Unlike the previously studied media, in this case, there is no dissociation of
any acid, but rather a reaction caused by the contact of oxygen and hydrogen atoms with
the elements of the alloy and the substrate.

From the analysis of the corrosion mechanisms, it is concluded that transition metal ni-
trides are electrochemically inert, which gives them a high polarization resistance [44]. This
was confirmed in the analyzed coating, which showed a more positive corrosion potential
and a lower corrosion current, indicating an improvement in the corrosion resistance of the
substrate. It is observed that the addition of the high-entropy alloy coating significantly
improves the corrosion resistance of the AISI 304 substrate in acetic acid and citric acid
solutions (food simulants with pH ≤ 4.5).

This increase in corrosion resistance is due to the formation of a passivation layer and
an oxide layer, which are influenced by the internal diffusion of oxygen and the external
diffusion of metal atoms [45]. This process is affected by the Gibbs free energy of the oxides
and the electronegativity of the metal elements, as metals with lower electronegativity react
more easily with oxygen [46].

3.4.4. Proposed Mechanism of Corrosion

Figure 6 presents a schematic illustration of the possible mechanisms occurring in the
coatings as a function of the three electrolytes used. The proposed corrosion mechanism for
the coating–substrate system involves the diffusion of the electrolyte toward the AISI 304
substrate through defects (such as pores or cracks) present in the coating. The corrosion
reactions are associated with the interaction between the anions from the electrolyte and the
metallic ions of the substrate. Electrochemical studies indicate that cathodic reactions occur
on the surface of the film, while anodic reactions take place at the substrate surface [37].

Figure 6. Proposed corrosion mechanism for acetic acid solution, citric acid solution, and tap water.
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Since the corrosion process occurs through the pores or microcracks of the deposited
coating, the ions generated by the anodic reaction combine with the OH− products resulting
from the cathodic reaction. This process can be described by the reaction (5):

Mn+ + nH2O → M(OH)n + nH+ (5)

In the case of a 3% CH3COOH electrolyte, the acid dissociates according to the reaction (6):

CH3COOH ↔ CH3COO− + H+ (6)

This reaction is reversible, so the final concentration of acetic acid and acetate ions will
depend upon the pH of the solution. Near the corrosion potential, the dissolution reactions
of metals (Fe2+

(aq), Ni2+
(aq), Cr3+

(aq)) occur alongside two cathodic reactions corresponding to
the reduction of hydrogen ions and undissociated acetic acid, as shown in the following
reactions (7) and (8) [34–36]:

2H+
(aq) + 2e− ↔ H2(g)

(7)

2CH3COOH(aq) + 2e− ↔ H2 + 2CH3COO− (8)

It is known that acetic acid is not an electroactive species but acts as a source of protons
at the metal surface (acetic acid dissolution reaction). Zhang et al. described how the
elements may interact with the electrolyte. They studied the behavior of aluminum in
acetic acid, asserting that the corrosion process occurs via a chemical transition reaction,
in which the H+ in the solution is adsorbed at the active center of the aluminum surface,
converting the hydrogen ion into a hydrogen atom. The hydrogen atom then forms a
corrosion product on the surface and is subsequently desorbed into the solution [35].

On the other hand, citric acid is a strong metal-complexing agent, capable of forming
metal complexes with metals in solution or with surface oxide metals, depending on the
strength of these complexes and their bonds, which determines their detachment from
the surface. According to Mazinanian et al., citric acid has a greater capacity to generate
such complexes compared to acetic acid, resulting in a more rapid passivation (chromium
enrichment) of the surface oxide layer [16]. Citric acid is also known to be a weak acid
and can partially ionize in aqueous solution to produce H+ and three anionic species:
H2C6H5O7

−, HC6H5O7
2− y HC6H5O7

3−. Their formation is explained by the reactions
(9)–(11) [47]:

H3C6H5O7 ↔ H+ + H2C6H5O7
− (9)

H2C6H5O7
− ↔ H++ + HC6H5O7

2− (10)

HC6H5O7
2− ↔ H+ + HC6H5O7

3− (11)

The anodic dissolution of the surface can be expressed by the following reaction. The
Fe2+ product reacts with the acid anions as shown below (12)–(15) [39]:

Fe → Fe2+ + 2e− (12)

Fe2+ + H2C6H5O7
− → Fe(H2C6H5O7)2 (13)

Fe2+ + HC6H5O7
2− → FeHC6H5O7 (14)

Fe2+ + C6H5O7
3− → Fe3(C6H5O7)2 (15)
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An example of how the anionic species react with the alloy elements can be illustrated
with the transition metals in the coating. For instance, with aluminum in the coating, the
reactions (16)–(19) may occur:

Al → Al3+ + 3e− (16)

Al3+ + H2C6H5O7
− → Al(H2C6H5O7)3 (17)

Al3+ + HC6H5O7
2− → Al(HC6H5O7)3 + H+ (18)

Al3+ + C6H5O7
3− → Al + C6H5O7

2− (19)

Exposure to citric acid initially increases the release of metals from stainless steels but
ultimately results in greater surface passivation and a reduction in metal release over time
due to chromium enrichment in the passive oxide layer [40]. The mechanism also depends
on the adsorption of the ligand (complexing agent), its ability to form stable complexes,
and the kinetics of complex detachment from the surface into solution [42,47].

Finally, in the presence of water as the electrolyte, it is expected that iron and chromium
from the substrate will dissolve as Fe2+

(aq) and Cr2+
(aq), with the latter potentially being further

oxidized to Cr3+
(aq) [48]. The coating–substrate system did not show significant improvement

compared to the substrate alone, suggesting that this corrosive medium is not a severe
corrosion agent for the material produced. Tap water typically has a neutral pH between
seven and eight. Moreover, the general corrosion process of steel occurs via a coupled
electrochemical reaction consisting of the anodic oxidation of the metal and the cathodic
reduction of the oxygen.

4. Conclusions
The (TiAlZrTaNb)Nx coatings deposited on AISI 304 stainless steel exhibited a face-

centered cubic (FCC) crystal structure with a preferential orientation along the (111) plane,
a lattice parameter of 0.4526 nm, and an average crystallite size of 18.20 nm. The coat-
ings demonstrated a near-equiatomic composition, with average elemental concentrations
of Ti (23.79%), Nb (23.38%), Zr (19.09%), Al (17.50%), and Ta (16.24%). SEM and three-
dimensional optical microscopy analyses revealed that the coatings formed dense, homoge-
neous layers with low surface roughness and a minimal concentration of micropores.

Electrochemical testing in food-simulant electrolytes confirmed the superior anticorro-
sive performance of the coatings. In particular, the coatings achieved corrosion protection
efficiencies exceeding 98% in acetic acid and citric acid solutions (representative of food
environments with pH ≤ 4.5). EIS results confirmed enhanced electrochemical stability
and barrier properties of the coating compared to bare 304 stainless steel.

This enhancement is attributed to the formation of stable passivation layers comprised
of oxides from the constituent alloying elements, as well as the inhibitory effect of weak
acids. In contrast, tests conducted in tap water (simulating aqueous, alcoholic, and fatty-
food environments) showed no significant improvement in corrosion resistance compared
to the uncoated substrate.

In summary, the (TiAlZrTaNb)Nx high-entropy alloy coatings significantly enhance
the corrosion resistance of AISI 304 stainless steel in acidic food-simulant environments.
These findings highlight the potential of such coatings to improve the durability and service
life of materials and utensils intended for use in the food industry.
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