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Abstract

Corrosion of carbon steel components represents a major economic and safety challenge
in industrial applications, motivating the development of protective thin film coatings
with optimized deposition parameters. This study investigates the deposition of nickel
nitride (Ni-N) thin films on AISI 1016 carbon steel and silicon (111) wafers by reactive radio-
frequency (r.f.) magnetron sputtering at three power levels: 150, 175, and 200 W. Surface
color, film thickness, roughness, crystal structure, mechanical properties, and electrochem-
ical behavior were evaluated using optical microscopy, stylus profilometry, atomic force
microscopy (AFM), X-ray diffraction (XRD), nanoindentation, and potentiodynamic polar-
ization combined with electrochemical impedance spectroscopy (EIS). Increasing r.f.-power
produced systematic surface color changes consistent with variations in film thickness,
which ranged from approximately 25.0 to 50.7 nm. Higher deposition power promoted
smoother surfaces, with average roughness (Ra) decreasing from 64.28 nm at 150 W to
20.62 nm at 200 W. XRD analysis revealed a monocrystalline Ni3N hexagonal close-packed
(HCP) phase at 150 W, transitioning to a dual-phase NizN (HCP) and NigN face-centered
cubic (FCC) microstructure at 175 and 200 W. The highest hardness (11.80 £ 3.34 GPa) was
recorded at 150 W, accompanied by pop-in events attributed to dislocation nucleation in
the HCP lattice. Electrochemical evaluation in 3.5 wt.% NaCl solution demonstrated that
films deposited at 150 and 175 W exhibited corrosion current densities and rates exceeding
those of bare steel, confirming that these conditions accelerate rather than inhibit corrosion.
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microstructure and smoother surface morphology. These findings demonstrate that r.f.
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power is a critical parameter governing the properties of Ni-N thin films, and that careful
optimization of deposition conditions is essential before recommending such coatings for
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1. Introduction

Corrosion-related damage represents an immense economic burden, accounting for
a substantial fraction of national and global economic output. In addition to direct costs
such as material degradation and maintenance, indirect expenditures including produc-
tion losses and safety risks can substantially amplify the financial impact, with estimates
reaching up to $551.4 billion when end user impacts are considered [1]. These challenges
underscore the pressing need to implement efficient and durable corrosion prevention
measures across industries worldwide. Corrosion is the process by which metals undergo
chemical transformation into more stable compounds, including oxides, hydroxides, or
sulfides, resulting in the deterioration of metal surfaces [2]. Anions such as sulfates (SO4%7),
nitrates (NO3 ), chlorides (C17), and thiosulfates (S,03%~) can accelerate the corrosion of
iron alloys in industrial settings, drastically reducing their service life [3-6]. Additionally,
marine environments are widely recognized as particularly aggressive, affecting structures
such as bridges, buildings, and industrial facilities, with corrosion rates ranging from
10 pm/year to 0.10 mm/year [7].

The use of inhibitors and protective coatings has proven to be among the most effective
strategies for corrosion prevention [3,8-10]. However, organic corrosion inhibitors may
be hazardous to the environment and could exhibit cytotoxic or mutagenic effects on
biological systems [3,11]. For metallic materials, surface coatings incorporating micro-
and nanostructures can provide efficient corrosion protection, although poor long-term
performance may result from the low adhesion of brittle oxide layers to the underlying
substrate [3,11,12]. Consequently, appropriate surface treatments, such as mechanical pre-
treatment or thermochemical procedures, are necessary to complement a well-designed
coating structure and achieve effective corrosion resistance [13].

In this regard, transition metal nitrides (TMNs) are well-known for their low electrical
resistivity, strong covalent bonding, and exceptional corrosion resistance [14-16]. Among
the TMN candidates, nickel (Ni) stands out due to its remarkable combination of tough-
ness, wear resistance, magnetic behavior, and hardness, and has been widely employed in
sputtering-deposited films [17,18]. Compared to other transition metal compounds, TMNs
exhibit superior mechanical properties and chemical stability due to their unique combina-
tion of covalent, ionic, and metallic bonds [19]. Their high electrical conductivity makes
them particularly attractive for electrochemical applications, although their resistance to
oxidizing and hydrofluoric acid environments may be limited [20]. Ni-based alloys also of-
fer exceptional mechanical strength and oxidation resistance at elevated temperatures [21].
Taylor (2001) reported that maximum corrosion protection on metallic substrates requires
Ni coating thicknesses of 120-130 um [22]; however, increasing coating thickness is known
to reduce interfacial shear strength and adhesion performance [23].

Ni exhibits two allotropic phases: a stable face-centered cubic (FCC) structure and
a metastable hexagonal close-packed (HCP) structure [24]. A third phase has been reported,
though it has not been observed in reactive magnetron sputtering and appears to be acces-
sible only through chemical synthesis routes [25]. Ni-based nitrides include NizN, which
exhibits an HCP structure; Ni;N, which adopts a body-centered cubic (BCC) structure; and
NiyN phases I and II, both of which are FCC. These phases can form sequentially from the
pure Ni FCC phase during reactive sputtering in an Ar-N, gas mixture as nitrogen partial
pressure increases [26-28].

Transition metal nitride and Ni-alloy thin films have demonstrated promising electro-
chemical performance in artificial electrolyte solutions containing 3.5 wt.% NaCl [29-33].
Table 1 summarizes representative corrosion data for Ni, nitride, boride, and oxide films
reported in the literature. Ti-N and Ni films exhibit the lowest corrosion rates (Cr) at 0.02
and 1.23 x 1072 mm/year (mm-y '), respectively, indicating superior corrosion protec-
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tion, while Ni-B films demonstrated poor protection with a Cr of 21.83 x 1072 mm/ year,
attributed to the inhibition of passive oxide film formation with increasing boron con-
tent. Recent studies have further confirmed that deposition parameters such as nitrogen
stoichiometry, sputtering power, and film microstructure critically govern corrosion resis-
tance in chloride media: ZrN films deposited by reactive magnetron sputtering on steel
substrates showed that stoichiometry strongly influences both wettability and electro-
chemical behavior [32], while TiAISiN coatings evaluated in 3.5 wt.% NaCl demonstrated
that surface passivation reduces electrochemical reactivity and slows Cg [33]. Similarly,
Grayeli et al. [29] reported a clear dependence of corrosion resistance on r.f. power for CrN
films deposited on stainless steel, a finding that motivates the systematic investigation of
power effects in Ni-N systems.

Table 1. Data obtained from an electrochemical analysis of materials submerged in a 3.5% NaCl

solution.

Material Ecorr (V) Ieorr (WA/cm?) Ep (V) CRr (mm/y) x 1072
AISI 1016 [29] —0.57 1.51 —0.52 1.78

Ni [29,30] —0.27 0.56 —0.38 1.23

Ti-N [30] —0.65 0.03 —0.55 0.02

Ni-B [31] —0.42 18.20 505 21.83

Zr-N [30] —0.65 1.34 —-0.32 2.32

Zr-O, [32] —021 0.03 0.17 1.72

Despite these advances, the electrochemical performance of Ni-N thin films deposited
specifically by r.f. magnetron sputtering on carbon steel substrates remains compara-
tively underexplored relative to other transition metal nitrides such as TiN, CrN, and
ZrN [24,30,31]. While Keraudy et al. [24] characterized the electrochemical behavior of
NixN films by DC and HiPIMS sputtering, and Pandey and Gupta [34] recently reported
the composition-dependent electrochemical properties of reactively sputtered Ni-N films,
the systematic effect of r.f. power on phase composition, surface morphology, and corrosion
performance of Ni-N coatings on carbon steel has not been addressed. Reactive sputter-
ing remains the primary deposition route for Ni-N films [26,27,35], and the present work
addresses this gap directly.

2. Materials and Methods
2.1. Substrate Selection and Preparation

The American Iron and Steel Institute (AISI) 1016 is a low carbon steel whose elemental
composition, expressed in wt.%, corresponds to 0.16% C, 0.8% Mn, 0.2% Si, 0.02% P,
0.012% S, and balance Fe [36]. AISI 1016 steel is an inexpensive material used in the
manufacturing of machine parts not subjected to high mechanical stress, such as shafts,
chain links, pins, cemented bushes, standard screws, flanges, and gears for low-stress chain
drives [36,37]. Substrate preparation began by cutting samples from a commercial metal
sheet to dimensions of 25.4 x 25.4 x 3.05 mm (1 x 1 x 0.12 inches). Subsequently, the
substrates were ground using silicon carbide (SiC) abrasive papers of various grit sizes:
100, 400, 600, 1000, and 1500 grains/ cm?. The substrates were then polished using an
aqueous aluminum oxide (Al,O3) suspension, followed by cleaning with deionized water
and ultrasonication in isopropyl alcohol at 40 °C for 20 min. AISI 1016 substrates were
used for surface roughness and electrochemical evaluations, while p-type silicon wafers
with (111) orientation, defined by the Miller index, were used for X-ray diffraction (XRD),
scanning electron microscopy (SEM), and nanoindentation assessments.
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2.2. Deposition of Ni-N Thin Films

Ni-N thin films were deposited on AISI 1016 carbon steel using a radio frequency
(rf.) magnetron sputtering system (13.56 MHz, Trinus Vacuum, Madrid, Spain). The
deposition was carried out using a commercial Ni target (purity 99.99%) with a diameter
of 2 in and a thickness of 0.125 in. For the formation of Ni-N thin films, nitrogen (N) gas
with a purity of 99.99% was injected into the chamber. To sustain the sputtering plasma,
Argon (Ar) gas with a purity of 99.90% was used. The gas flow rates were controlled
using mass flow controllers (Cole-Palmer, Vernon Hills, IL, USA), and flow measurements
were expressed in standard cubic centimeters per minute (SCCM). Prior to deposition, the
sputtering chamber was evacuated to a residual pressure (rp) of ~8.2 x 10~2 mbar using
a primary pump, which was subsequently reduced to 1.9 x 107°-2.3 x 10~> mbar using
a turbomolecular pump. The working pressure (wp) was monitored between 6.0 x 103
and 5.2 x 103 mbar. Various experiments were conducted by adjusting the r.f. power on
the target using levels of 150 W, 175 W, and 200 W, under an Ar/N; gas mixture ratio of
20/7 SCCM. The target-to-substrate distance was set to 70 mm. The deposition time was
set at 10 min for the Ni buffer-layer, and 110 min for the Ni-N monolayer thin films, with
no external substrate heating. Table 2 summarizes the deposition conditions for the Ni-N
thin films.

Table 2. Experimental conditions for the deposition of Ni-N thin films onto AISI 1016 carbon steel
and Si wafers were achieved using r.f. magnetron sputtering.

Parameter Condition

Sample/Value Experimental

150 W 175 W 200 W

Rp, turbo-molecular pump (mbar) 1.9 x 107 23 x107° 23 x107°

Wp, after injection gas (mbar) 6.0 x 1073 52 x 1073 52 %1073
Gate-valve opening during the deposition (%) 100
Duration of deposition (min) 120
Ar flow (sccm) 20
Ny flow (sccm) 7
Ts-distance (mm) 70

r.f. power supply (W) 150 175 200

2.3. Characterization

Photomicrographs of the Ni-N thin films were captured using a portable USB digital
microscope (JNYZ59419, Shenzhen Anykit Technology Co., Shenzhen, China) with a frame
rate of 30 fps, a resolution of 2 megapixels, and a focusing range of 15-40 mm at a maximum
magnification of 50x. The surface profile and thickness of the Ni-N thin films were
measured over a 500 um span using a DEKTAK 150 stylus profilometer (Veeco Instruments,
Plainview, NY, USA). The thickness was determined by measuring the step height between
the deposited film and the uncoated substrate, using a stylus with a 12.5 um radius.

For topography imaging and surface roughness measurement of the Ni-N thin films,
an Atomic Force Microscope (AFM) Workshop model TT-AFM (Hilton Head Island, SC,
USA) was used. A silicon tip (n-type Si) was used, and the images were acquired in contact
mode at a scanning frequency of 0.7 Hz. The image dimensions selected for evaluation were
10 x 10 pm, 20 x 20 pm, and 50 x 50 um. The images were processed using Gwyddion
2.48 (free and open-source software, Czech Metrology Institute, Brno, Czech Republic, with
3D OpenGL rendering). These measurements were used to determine the root mean square
roughness (RMS) and the average roughness (Ra). The phase composition and crystal
structure of the thin films were investigated by X-ray diffraction (XRD) using a D8 Advance
diffractometer (Bruker AXS, Karlsruhe, Germany) with Cu Ko radiation (A = 1.54059 A),
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operating at 30 kV. Diffraction patterns were recorded over a 26 range of 20-100° at a scan
rate of 0.01°/s.

Nanoindentation tests were carried out using a TTX-NHT nanoindenter (Anton Paar
(5/N:10000), Graz, Austria). The test conditions included an acquisition rate of 10.0 Hz,
with linear loading from 5 to 20 mN maximum load, and a holding period of 10.0 s at maxi-
mum load. The loading rate was established according to the applied load. A Berkovich
diamond indenter (serial B-T 83 (Hysitron Inc., Minneapolis, MN, USA)) was used for all
indentations.

To evaluate the corrosion behavior of the Ni-N thin films, a potentiostat-galvanostat
(Bio-Logic, Seyssinet-Pariset, France) was employed. Potentiodynamic polarization curves
were recorded using a three-electrode electrochemical cell, where the exposed sample
area was 1 cm? for both bare substrates and thin film samples. A platinum wire served
as the counter-electrode, while an Ag/AgCl electrode was used as the reference. The
electrolyte used was a 3.5 wt.% NaCl solution. The corrosion potential (Ecorr) was monitored
over 10 min, and polarization curves were measured by sweeping the potential from
—100 to +350 mV at a scan rate of 0.5 mV/s. Electrochemical impedance spectroscopy
(EIS) studies were also carried out using the same three-electrode configuration. EIS
measurements were performed with an amplitude of 10 mV at the open circuit potential
(OCP), spanning a frequency range from 100,000 Hz to 0.1 Hz. The analysis included key
parameters such as double-layer capacitance and charge transfer resistance, which were
used to evaluate corrosion resistance efficiency and understand corrosion mechanisms.
This approach provides a comprehensive assessment of the films’ protective behavior in
aggressive environments.

3. Results
3.1. Review Top-Color Surface by Optical Microscope

Figure 1a—c shows the surface properties of Ni-N thin films deposited on AISI 1016
carbon steel, as observed with a portable optical microscope using a 0.15 mm scale bar
and 50x magnification. At rf. 150 W, the film surface showed a mix of blue, black,
and light gold hues in small growth zones. However, when the r.f. power increased
to 175 W, the surface color transitioned to a brownish-gold tone. These color changes
are consistent with the findings reported by [36] for TiN films deposited by magnetron
sputtering. This behavior occurs because varying the N2 flow relative to the selected Ar flow
allows stoichiometry control, and stoichiometry-dependent color changes are a typical and
widely observed phenomenon in refractory metal nitrides due to composition-dependent
shifts in the screened plasma frequency [37].

Marulanda et al. [38] described that the color transition can be attributed to the in-
teraction between N, gas and the bombarding Ni atoms on the substrate surface. This
interaction is directly influenced by the energy state of nitrogen species in the plasma:
Richards et al. (2022) reported that N, molecules and N atoms are highly vibrationally ex-
cited in r.f. plasma due to the lower reduced electric field and higher discharge power [37],
which enhances their reactivity at the film surface and promotes nitrogen incorporation into
the growing film, thereby modifying its stoichiometry and the resulting optical properties.
When r.f. power is increased to 200 W, the surface color changes to dark blue, consistent
with the higher nitrogen incorporation expected at elevated plasma energy. Klumdoung
et al. [39] deposited ZrN thin films at high Ar flow rates by reactive DC magnetron sputter-
ing and reported that at lower N flows (1.5 SCCM) the film color is brown, changing to
dark blue when N flow is increased to 6.0 SCCM, supporting the role of nitrogen content
in determining film color. Other authors attribute surface color changes in post-deposition
thin films to variations in film thickness; for example, Sel¢uk [40] found a relationship
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between deposition time, film thickness, and color, showing that increased deposition time
leads to significant color changes. Similarly, [41] attributed color changes in thin films to
optical interference effects.

Figure 1. Top-surface micrographs of Ni-N thin films deposited on AISI 1016 carbon steel by r.f.
magnetron sputtering, captured at a 0.15 mm scale bar with 50 x magnification: (a) r.f. 150 W; (b) r.f.
175 W; (c) r.f. 200 W.
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They explained that when a plane wave of light from a medium with a refractive index
nj strikes a thin film with a refractive index ny and thickness d, the reflected light waves
interfere with each other, resulting in a new wave pattern. The thickness values expressed
in nm (see Table 3) reveal the relationship between film thickness and r.f. power on the
target, consistent with the optical interference theory described above.

Table 3. Thickness measurements of Ni-N thin films on Si wafers with (111) orientation, obtained
using the stylus profilometer.

Sample (r.f. Watts) Thickness (nm) Roughness (Ra,nm)  Roughness (Rq, nm)
150 W 31.3+19.3 64.5 +3.2 86.4+4.3
175 W 25.0 £13.5 65.0 £33 80.8 4.0
200 W 50.7 £ 25.0 37.5+1.9 471+24

3.2. Thickness and Surface Roughness Analyses
3.2.1. Thickness of Ni-N Thin Films on Si Wafer

Table 3 presents the thickness and roughness values of Ni-N thin films deposited on
Si wafers with a (111) orientation, measured by stylus profilometry. It can be observed
that when the r.f. power increases from 150 to 175 W, the film thickness values are simi-
lar [42]. In contrast, when applying an r.f. power of 200 W on the Ni target, the thickness
approximately doubles. It is well-known that film thickness increases with sputtering r.f.
power, as the sputtering rate increases due to the greater number of atoms deposited onto
the substrate [43]. It is also observed that surface roughness decreases when r.f. power
increases to 200 W. Increasing the r.f. power generally reduces the average roughness of
thin films, leading to improved surface morphology. However, higher deposition rates
associated with increased r.f. power can also result in greater surface roughness under
certain conditions [44,45]. It should be noted that the large standard deviations in thickness
reported in Table 3 reflect the spatial variability inherent in step-height profilometry mea-
surements, which include scans positioned within the mask-edge transition zone where
local film thickness ramps to zero due to geometric shadowing during deposition. Measure-
ments taken exclusively over the central plateau region of each sample yielded thickness
values with coefficients of variation below 15%, confirming that the deposited films were
laterally uniform across the central deposition area.

3.2.2. Surface Roughness of Ni-N Thin Films on AISI 1016

Table 4 presents the surface roughness analysis of Ni-N thin films deposited on
AISI 1016 steel, obtained at different r.f. powers using AFM at scan scales of 10, 20, and
50 um. The average roughness parameters, including root mean square (RMS) and average
roughness (Ra) values, were observed to decrease with increasing r.f. power at the lower
scales (10 and 20 um). Specifically, at the 10 um scale, the Ra values were 834.3, 1044,
and 96.6 nm for r.f. powers of 150, 175, and 200 W, respectively. At the 20 um scale, Ra
values were 54.99, 39.74, and 32.47 nm, and at the 50 um scale, values of 64.28, 34.86,
and 20.62 nm were obtained for 150, 175, and 200 W, respectively. RMS values exhibited
a similar trend across all scales. These results indicate that films deposited at higher r.f.
powers have smoother surfaces and improved surface quality [46], where the decrease
in surface roughness with increasing RF power can be attributed to enhanced adatom
mobility and improved film densification during deposition, leading to smoother and more
homogeneous surfaces.
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Table 4. Surface roughness measurements of Ni-N thin films on AISI 1016 steel, analyzed by AFM.

Sample 10 um Scale 20 um Scale 50 um Scale
0.33 pm 1.42 pm 2.70 pm
150 W 0.00 ym 0.87 um 1.77 ym
<«
oV j‘-"() e o
: 2 Qv v
* “op *;_'L 4‘.‘3%
Ra=834.3 nm Ra=54.99 nm Ra=64.28 nm
RMS=975.2 nm RMS=72.03 nm RMS=38.53 nm
0.17 ym 0.45
0.00 o b
.00 pm
175 W A M 0.00 pm 0.0 um
Q¥ \)‘5‘ iy
7 A0 r?S) i~
n + + 2
Ra=1044 nm Ra=39.74 nm Ra=34.86 nm
RMS=1201 nm RMS=54.12 hm RMS=45.49 nm
0.23 um 0.85um
200 W 0.00 ym 0.62 ym
o
N
e +- .
Ra=96.6 nm Ra=32.47 nm Ra=20.62 nm
RMS=111.7 nm RMS=37.28 nm RMS=24.84 nm
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This behavior is attributed to the higher kinetic energy of sputtering particles at
increased r.f. power, which promotes more uniform grain orientation and reduces grain
size variability, ultimately leading to smoother film surfaces. This inverse relationship
between surface roughness and r.f. power has been reported by several authors [47].
Similarly, both r.f. power and film thickness have been shown to influence the surface
roughness [48].

3.2.3. Structural Analysis of Ni-N Thin Films by XRD

Figure 2 presents the XRD diffractograms of Ni-N thin films deposited on Si wafers at
r.f. powers of 150, 175, and 200 W, collected over a 26 range of 20-100°. Phase identification
was performed by comparing the experimental peak positions with reference data from the
ICDD Powder Diffraction File (PDF). Crystallite sizes were estimated using the Scherrer
equation, D = KA/(f3 cos@), where K = 0.9 is the shape factor, A = 0.15406 nm is the Cu Ko
wavelength, and f3 is the full width at half maximum (FWHM) in radians.

Intensity (A.U.)

200 30 40 50 60 70 80 90 100
2 theta(®)

Figure 2. XRD diffractograms of Ni-N thin films deposited on Si wafer (111) at r.f. powers of 150, 175,
and 200 W. Phase identification symbols: B NizN, A NigN, e NiO, O NiSi, [ Si substrate.

For the film deposited at r.f.-150 W, the diffractogram revealed two diffraction peaks
at 20 ~ 43.0° and 83.1°, indexed as the (111) and (220) planes of hexagonal NisN (PDF
card No. 010-0280, space group P6322, a = 4.622 A, ¢ = 4.302 A), with theoretical positions
at 43.1° and 83.2°, respectively (A26 < 0.1°). The Si substrate peak at 26 ~ 28.4° (JCPDS
27-1402) was also identified. The close agreement between the experimental and theoretical
positions confirms a preferentially oriented NizgN HCP phase. The average crystallite
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size estimated from the (111) and (220) reflections was approximately 20 nm and 18 nm,
respectively, indicating a nanocrystalline microstructure.

At 1.£.-175 W, the pattern showed a significantly more intense Si substrate peak, along
with the emergence of additional phases. Alongside the NizgN (111) reflection at 20 ~ 43.0°
(PDF 010-0280), a peak consistent with the (111) plane of NisN face-centered cubic phase
was detected at 20 ~ 41.7° (PDF card No. 036-1300, space group Pm 3 m, a = 3.798 A;
theoretical position 41.5°, A20 = +0.2°), with an estimated crystallite size of approximately
25 nm. This dual-phase coexistence of NizN HCP and NigN FCC indicates that the increase
in r.f. power promotes partial nitrogen redistribution and the nucleation of the thermo-
dynamically more stable FCC phase, consistent with published reactive sputtering phase
diagrams for the Ni-N system [26,27].

At r.f.-200 W, the diffractogram exhibited the richest phase composition. The NizN
HCP phase (PDF 010-0280) was identified through peaks at 26 ~ 23.6° and 69.8°, indexed
as the (002) and (110) planes, in agreement with theoretical positions of 23.5° and 70.1°
(A26 < 0.3°), yielding crystallite sizes of approximately 14 nm and 13 nm, respectively.
The NigN FCC phase (PDF 036-1300) was identified through peaks at 26 ~ 41.6°, 48.5°,
and 71.0°, indexed as the (111), (200), and (220) planes, matching theoretical positions of
41.5°,48.3°, and 70.8° (A26 < 0.2°), with crystallite sizes ranging from approximately 20
to 26 nm. NiO peaks (PDF 047-1049, space group Fm 3 m, a = 4.177 A) were observed at
20 = 37.2° and 43.3°, indexed as (111) and (200), consistent with theoretical values of 37.1°
and 43.4° (A20 < 0.1°), with crystallite sizes of approximately 10 and 9 nm. Additionally,
a peak at 20 ~ 23.5° was attributed to the (101) plane of orthorhombic NiSi (PDF 019-0838,
space group Pnma), with an estimated crystallite size of approximately 10 nm, arising from
interfacial reaction between the film and the Si substrate. The increased ion bombardment
energy at 200 W promotes partial transformation of the NizN HCP phase toward the more
thermodynamically stable NigN FCC phase, as reflected by the relative reduction in NizN
crystallite size compared to lower r.f. powers.

The structural evolution observed—from a predominantly NizN HCP phase at
150 W toward a multi-phase system including NigN FCC, NiO, and NiSi at higher
rf. powers—directly supports the mechanical and electrochemical behavior reported
in Sections 3.3 and 3.4. Specifically, the presence of the HCP phase at 150 W is linked to
the pop-in events observed during nanoindentation, as the restricted slip systems of HCP
structures promote dislocation burst nucleation under localized loading [49,50].

3.3. Nanohardness of Ni-N Thin Films

Table 5 shows the performance of Ni-N thin films evaluated by nanoindentation at
varying force loads of 5, 10, and 20 mN. It was observed that hardness values are relatively
consistent across loading forces. On average, the hardness of the r.f.-150 W film was
11.80 £ 3.34 GPa. When r.f.-power was increased to 175 W, the hardness exhibited a slight
increase to 14.18 £ 1.20 GPa. The hardness then decreased to 12.19 & 0.58 GPa when the
r.f. power was further increased to 200 W. The reduced modulus of elasticity (Er) shows
that the film deposited at r.f.-150 W (143.26 & 26.48 GPa) exhibited the lowest reduced
elastic modulus among the three conditions, followed by r.f.-200 W and r.f.-175 W, which
displayed progressively higher moduli. It should be noted that the differences among the
three Er values were not statistically significant given the associated standard deviations,
and a clear monotonic trend as a function of r.f. power could not be conclusively established.
The literature mentions that when increasing r.f. power, the content of the amorphous
phase rises and crystal grains are refined, promoting a tendency for nanohardness and the
elastic modulus of coatings to first increase and then decrease [35]. In the present case, the
calculated elastic modulus values were similar across conditions and did not follow this
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trend clearly, so direct correspondence with the reported trend was not observed under
the present deposition conditions. The contact depth values showed a generally positive
tendency, except for r.f-150 W under a loading force of 10 mN. This anomaly is likely
related to surface film defects promoted by the sputtering process, such as pinholes arising
from stress in the Ni-N film. Depending on the working gas pressure, this stress can be
either compressive or tensile [51].

Table 5. Nanohardness behavior of the Ni-N thin films tested by nano-indentation.

Description 150 W 175 W 200 W
Loading force (P, mN) 5 10 20 5 10 20 5 10 20
Loading/unloading rate
(mN/min) 10/10 20/20 40/40 10/10 20/20 40/40 10/10 20/20 40/40
Hardness H (GPa) 14.76 12.47 8.17 16.40 12.54 13.59 12.86 11.81 11.91
Hardness H (GPa), ST units 11.80 + 3.34 14.18 + 1.20 12.19 + 0.58
(mean + SD)
Reduced modulus Er (GPa) 139.90 171.26 118.62 118.46 108.09 83.52 83.51 131.5 137.5
Reduced modulus Er (GPa),
SI units (mean + SD) 143.26 + 26.48 103.36 £ 17.94 117.50 £ 29.59
Contact depth h (nm) 100.01 76.93 290.22 94.47 160.62 222.26 107.96 165.66 238.69

Figure 3a—c presents the typical load—-displacement curves for Ni-N thin films under
varying indentation loads of 5, 10, and 20 mN, obtained at loading/unloading rates of
10/10, 20/20, and 40/40 mN/min, respectively. At a load of 20 mN, irregularities in
plastic deformation were observed along the load—displacement curve, characterized by
multiple discontinuities at specific penetration depths (indicated by red arrows), commonly
referred to as “pop-ins” [52]. Pop-ins are defined as sudden, abrupt increases in indenter
displacement at nearly constant load, and are well-recognized indicators of discrete plastic
deformation events in crystalline materials.

In the present films, the occurrence of pop-ins was attributed to the hexagonal crystal
structure (HCP) of the NizN phase identified by XRD at r.f.-150W. In HCP materials,
dislocation glide is confined to specific slip systems along the basal and pyramidal planes,
which leads to intermittent dislocation bursts when the resolved shear stress on those planes
is overcome, resulting in the observed step-like displacement increments [53]. Furthermore,
as the applied load increased from 10 to 20 mIN, multiple pop-ins were observed, which
have been associated in the literature with deformation twinning in addition to dislocation
nucleation [54]. The absence of pronounced pop-ins at 5 mN (Figure 3a) is consistent with
purely elastic or incipient elastic—plastic deformation at lower penetration depths. These
observations are consistent with prior reports on HCP nitride thin films deposited by r.f.
magnetron sputtering and support the microstructural interpretation provided by the XRD
analysis detailed in Section 3.2 [55-57].

The relationship between applied load (P) and indentation depth (h) for Ni-N films
under a maximum load of 20 mN revealed typical elastic—plastic behavior. The load-
depth (P-h) curves exhibited perturbations and irregularities, including discontinuities
associated with pop-in events. These irregularities suggest the presence of dislocation burst
nucleation, deformation twinning, and cracking. Previous studies [56,57] have attributed
these irregularities in load-displacement curves to oscillations indicative of undulatory
elastic—plastic deformation of the material under localized shear stress.
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Figure 3. Typical nanoindentation load versus penetration depth curves for Ni-N thin films on silicon
wafer (111) at room temperature: (a) 5 mN (loading/unloading rate: 10/10 mN/min), (b) 10 mN
(loading/unloading rate: 20/20 mN/min), and (c) 20 mN (loading/unloading rate: 40/40 mN/min).
A holding period of 10 s was applied at maximum load in all cases.

3.4. Electrochemical Behavior

Figure 4a,b illustrates the electrochemical behavior of Ni-N thin films deposited at
r.f. powers of 150, 175, and 200 W by r.f. magnetron sputtering, evaluated using open
circuit potential (OCP) measurements and Tafel polarization curves. In Figure 4a, the OCP
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results highlight equilibrium conditions and variations in passive potential influenced by

homogeneous reactions. The observed stabilization of Ecorr values for all samples in NaCl

solution is consistent with the findings reported by Brotzu et al. [58], which attribute this

behavior to a stabilizing layer that regulates the CR, driven primarily by the diffusion of

chemical species. Increasing the r.f. power appears to induce higher polarization levels,

potentially linked to chloride ion interaction at the film surface [52]. These results suggest

that corrosion potential stabilization reflects the formation of a surface layer that modulates

the CR, though this does not necessarily translate into net kinetic protection.
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Figure 4. Electrochemical behavior of Ni-N thin films: (a) open circuit potential (OCP) and (b) Tafel

polarization curves, evaluated in a 3.5 wt.% NaCl solution.

The Tafel analysis (Figure 4b) and the corrosion parameters extracted from the po-

larization curves (Table 6) provide a quantitative assessment of the corrosion behavior of

each sample. The corrosion current density (Icorr) values offer a direct measure of the

instantaneous CR at the corrosion potential. The films deposited at 150 W and 175 W

exhibited Icorr values of 2.51 x 107> and 2.23 x 107> A-cm 2, respectively, which were
higher than that of bare AISI 1016 steel (1.58 x 107> A~cm’2). Consequently, the corre-
sponding Cg of 0.2920 and 0.2595 mm/year for 150 W and 175 W, respectively, exceeded
that of bare steel (0.1838 mm/y). This indicates that films deposited at these conditions

do not provide net kinetic corrosion protection compared to bare steel. The elevated Icorr
at 150 W and 175 W was attributed to their higher surface roughness, which increases the

electrochemically active surface area and promotes more active corrosion sites, offsetting
the barrier effect of the coating. Nevertheless, these films exhibited a more noble Ecorr than
bare steel (—605 mV and —668 mV vs. —780 mV for bare steel), indicating a reduction in
the thermodynamic driving force for corrosion initiation.

Table 6. Electrochemical parameters obtained from the Tafel polarization analysis.

Sample

ECOI‘I‘

V)

Ba
(mV)

B
(mV)

ICOI‘I‘

(A.cm—2)

Cr
(mm/y)

Bare steel

—780

140

120

1.58 x 1072

0.1838

150 W

—605

130

145

251 x 107°

0.2920

175 W

—668

130

125

223 x 107°

0.2595

200 W

—645

120

140

7.94 x 107

0.0924
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In contrast, the film deposited at r.f.-200 W achieved an Icorr of 7.94 x 1076 A-cm™2,
approximately 50% lower than bare steel and nearly three times lower than the 150 W and
175 W samples, with a corresponding Cgr of 0.0924 mm /y. This significant reduction can be
attributed to the denser film microstructure and smoother surface morphology at 200 W
(Ra =20.62 nm at 50 pm scale), which reduces the density of active corrosion sites and limit
chloride ion penetration to the substrate. These findings align with prior studies suggesting
that higher nickel content and smoother surfaces in Ni-N films enhance corrosion resistance
in saline environments [53].

Overall, the results demonstrate that r.f. power is a critical parameter governing the
corrosion performance of Ni-N thin films. While all coated samples exhibited a more
noble Ecorr than bare steel, only the film deposited at r.f.-200 W provided superior kinetic
corrosion protection, representing the optimal deposition condition for corrosion-resistant
applications on carbon steel substrates. These findings highlight that deposition power
must be carefully optimized: films deposited at 150 and 175 W exhibited higher C than bare
steel, whereas only the 200 W condition yielded a coating with superior corrosion protection.
Optimization of deposition parameters is therefore essential before recommending Ni-N
films for industrial corrosion-protective applications [34].

Table 6 presents the corrosion parameters extracted from the Tafel polarization curves
for bare AISI 1016 steel and the Ni-N thin film-coated samples. Bare steel exhibited
a significantly more negative corrosion potential (Ecorr = —780 mV) compared to the Ni-N
coated samples, which ranged from —605 mV to —645 mV. This indicates that all Ni-N
coatings shift the corrosion potential in the noble direction, reducing the thermodynamic
driving force for corrosion initiation. However, as discussed in Section 3.4, a more noble
Ecorr does not necessarily correlate with lower corrosion current density (Icorr) or Cr. The
films deposited at 150 W and 175 W exhibited higher Icorr values than bare steel, attributed
to their greater surface roughness increasing the active electrochemical area. Only the film
deposited at 1.f.-200 W achieved both a noble Eco+ and a reduced Icorr, confirming it as the
condition offering the most effective corrosion protection.

Figure 5a,b illustrates the EIS behavior of the Ni-N thin film system. The Nyquist
diagram (Figure 5a) and the corresponding equivalent circuit (Figure 5b) revealed
two distinct time constants, indicating the presence of two separate electrochemical pro-
cesses at the electrode—electrolyte interface. The first time constant, observed at higher
frequencies, is associated with the response of the Ni-N thin film, related to charge transfer
resistance and double-layer capacitance at the film surface [59]. The second time constant,
observed at lower frequencies, is linked to the diffusion of electroactive species through
the film. This diffusional behavior is influenced by film porosity, microstructure, and
interaction with the electrolyte [60].

It should be noted that the Nyquist plot for the bare AISI 1016 steel reference sample
exhibited a low-frequency inductive loop, a well-documented feature of actively corroding
carbon steel in chloride media, attributed to the relaxation of adsorbed corrosion intermedi-
ates (FeCl*ads, Fe(OH)ads) at the steel surface [59,60]. To accurately model this behavior,
an inductive—resistive branch (L-RL) should be incorporated into the low-frequency region
of the equivalent circuit. In the present work, the simplified circuit in Figure 5b was applied
uniformly to all samples for consistent comparative analysis of the film-related impedance
parameters. Accordingly, the charge transfer resistance (Rct) and solution resistance (Rs)
values extracted for bare steel represent an approximation and should not be directly
compared with those of the coated samples on a quantitative basis. Notably, the inductive
feature was absent in all three Ni-N coated samples, confirming that the deposited films
suppress the active dissolution mechanism responsible for this behavior.
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Fitting the equivalent circuit (Figure 5b) yields quantitative electrochemical parameters
such as Rct and Rs, which assess the performance of the Ni-N thin films in preventing
corrosion [61]. Additionally, the presence of a Warburg diffusion element highlights
the film’s barrier capability, which helps delay the corrosion process and is crucial for
applications in aggressive environments [62]. The quality of the equivalent circuit fitting
was evaluated using the chi-squared (x?) criterion; values below 1073 were obtained
for all coated samples, confirming adequate fit quality. Each circuit element has a clear
physical meaning: Rs represents the electrolyte resistance, RNi-N models the charge-
transfer resistance at the film—electrolyte interface, and Rdl accounts for the resistance of
the electrical double layer at the substrate surface. The constant phase elements (QNi-N
and Qdl) account for the non-ideal capacitive behavior arising from surface heterogeneity
and film roughness, with exponents n close to 1 indicating near-ideal capacitive behavior.

——a— N-Ni 150W
—a— N-Ni 150W 100{ —o—N-Ni 175W
—e— N-Ni 175W T | Susimo
—a— N-Ni 200W iG,
—o— Sustrato NS0
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Figure 5. EIS results: (a) Nyquist plot and (b) equivalent circuit used, evaluated in a 3.5 wt.% NaCl
solution.

It is well-known that surface roughness directly affects the corrosion properties of
Ni-N thin films. Smoother surfaces generally expose less area to corrosive agents, poten-
tially improving corrosion resistance [63]. This is because lower surface roughness reduces
nucleation sites for corrosion and minimizes corrosive penetration into the film microstruc-
ture [64]. The reduction in Ra and RMS values with increasing r.f. power, as shown by
the AFM analysis, indicates that Ni-N thin films deposited at higher r.f. power levels have
smoother surfaces. This observation correlates with improved corrosion resistance, as
smoother surfaces present fewer imperfections and defects that could initiate corrosion.

Overall, lower surface roughness (achieved at higher r.f. powers) generally correlates
with higher double-layer resistance values (Rdl), as shown in Table 7. This increased double-
layer resistance suggests enhanced corrosion protection, as smoother surfaces provide fewer
sites for corrosion initiation. However, it is noteworthy that the Rdl value for r.f.-200 W was
lower than for r.f. 150 W, despite its lower roughness. This may indicate that other factors,
such as film homogeneity or deposition quality, also influence the impedance response.
As roughness decreases, Rdl also tends to decrease, suggesting that smoother surfaces are
associated with a less ideal double layer. This could be attributed to the presence of fewer
but more impactful defects on smoother surfaces, which may exert a greater influence on
double-layer uniformity [65]. It should be noted that the Rdl values extracted for bare steel
from the equivalent circuit fitting are approximate, as discussed in Section 3.4, due to the
presence of the inductive loop in the bare steel Nyquist response.
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Table 7. Fitting parameters obtained from the EIS analysis.

Sample

Rs
(Q*cm?)

RNi-N thin film Ra ONi-N Qa . n
(O0*cm?) (OQ*cm?) Fs@-1 Fs@-D Ni-N dl

Reference
150 W
175 W
200 W

25.00
24.23
24.75
20.52

- 652.8 - 8.19 x 1073 - 0.875
21.38 320.5 1.49 x 1073 493 x 1073 0.49 0.94
11.72 178.1 383 x 1072 146 x 10712 0.54 0.79
17.52 298.5 6441 x 1076 1.94 x 1072 0.762 0.56

References

4. Conclusions

Ni-N thin films were successfully deposited on AISI 1016 carbon steel and silicon (111)
wafers by reactive r.f. magnetron sputtering at 150, 175, and 200 W. Increasing the r.f. power
produced systematic changes in film thickness (~25.0-50.7 nm), phase composition, surface
morphology, and mechanical properties. XRD analysis revealed a monocrystalline NizN
HCP structure at 150 W, transitioning to a dual-phase Ni3N/NisN microstructure at 175 and
200 W. Surface roughness decreased systematically with power (Ra from 64.28 to 20.62 nm),
while the highest hardness (11.80 % 3.34 GPa) was recorded at 150 W, accompanied by
pop-in events indicative of dislocation nucleation in the HCP lattice.

Electrochemical evaluation in 3.5 wt.% NaCl revealed a critical dependence of corro-
sion performance on deposition power. Films deposited at 150 W and 175 W exhibited
corrosion current densities and rates exceeding those of bare AISI 1016 steel, confirming
that these conditions do not provide corrosion protection but accelerate the corrosion
process due to their higher surface roughness. Only the film deposited at 200 W achieved
effective corrosion protection, with Icorr and Vcorr approximately 50% lower than bare
steel, attributed to its denser microstructure and smoother surface. EIS confirmed two-time
constants reflecting film and interface responses, with increasing charge-transfer resistance
at higher powers and suppression of the inductive loop present in bare steel.

These results demonstrate that r.f. power must be carefully optimized before recom-
mending Ni-N films for corrosion-protective applications, with 200 W representing the
optimal deposition condition on carbon steel substrates.
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