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Abstract: The titanium nitride (Ti2N) films have good mechanical properties, such as high hard-
ness and chemical stability, giving Ti2N good resistance to wear and corrosion. The properties of
films deposited by PVD techniques are determined by their structure, microstructure, composition,
and morphology that depend on the deposition parameters, such as substrate temperature, vacuum
pressure, and the distance between the target and the substrate. The influence of these parameters
has been studied individually. This work studied the structure, morphology, composition, and elec-
trochemical behavior of Ti/Ti2N films deposited by RF-magnetron sputtering on carbon steel, such as
a function of the power of the RF source, substrate temperature, and the target to substrate distance
and the Ar/N2 ratio. The film structure was analyzed by X-ray diffraction (XRD), the morphology of
cross-section by SEM, the semi-quantitative composition by EDS, and the electrochemical properties
was studied by open circuit potential, potentiodynamic polarization, and electrochemical impedance
spectroscopy techniques. The films showed two phases of Ti and Ti2N. The SEM-EDS exhibited a
morphology according to the Stranski–Krastanov or layer-plus-island growth model. The substrate
temperature of 450 ◦C strongly influences the electrochemical properties.

Keywords: Ti2N films; RF-magnetron sputtering; deposition parameters; structural and electrochemical
properties

1. Introduction

The AISI 1060 carbon steel is mechanical engineering and general-purpose. In me-
chanical engineering, this steel grade is often used in automotive parts requiring high
wear resistance, such as axles, half shafts, pistons, gears, clutch discs, and solid railway
wheels. This steel is commonly provided in an untreated or normalized state. Through
the application of hard films to parts applicable to the industry, it is possible to increase
their hardness, decrease the coefficient of friction, and increase the resistance to wear and
fatigue, thereby obtaining an extension of the useful life of the part, which can mean an
improvement in the production of a company. Economic losses caused by corrosion phe-
nomena in AISI 1060 carbon steel is a significant problem faced in the industry. Therefore,
the aim of hard films, in addition to providing the above properties, is to reduce costs by
applying them to low-cost materials that can be used as substitutes for others that may have
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high corrosion resistance but are usually very expensive [1–3]. The industrial demand for
high-performance tool steel has led to new hot work tool steels with improved mechanical
properties, such as high toughness, tensile strength, resistance to softening at elevated
temperatures, resistance to heat checking, and wear resistance [4]. For this reason, the
cutting tool steel contains between 0.6% to 1.5% carbon, like D2, M2, H13, and AISI 1060 to
1090 [5–7]. The main wear problem for tool steel is chipping (machining processes, such
as metal cutting and alloy cutting) and processing the occurrence of substantial forces,
vibrations, shocks, and emission of heat [8]. Since the hardness at the surface increases the
wear resistance, there are surface modification methods or hardenings, such as nitride and
boride. Instead, the hard coatings deposition by PVD techniques allows an increase in the
wear and corrosion resistance of high-speed steel, such as M2 and D2, or carbon steel as
AISI 1060 [9]. Adjusting process parameters in the radio-frequency sputtering technique
(RF-sputtering) allows growing films with compressive stresses that help them resist crack
initiation and propagation [10–12]. In many applications, the components are exposed to
corrosive environments; therefore, the hard films deposited on the steels must outstand the
corrosive attack. The corrosion resistance of coated tools is a function of the microstructure
and a reduced number of pinholes and defects in the growth film [13]. Optimizing the
deposition parameters by RF- magnetron sputtering allows for obtaining a dense film with
low permeability. The influence of these parameters has been studied individually but
there are few comprehensive studies. This paper was written to study the influence of
RF-input power, substrate temperature, substrate-target distance, and argon to nitrogen
ratio on the structure and the electrochemical properties of Ti/Ti2N films.

2. Materials and Methods
2.1. Deposition Conditions

The carbon steel substrates (AISI 1060) were prepared with a dimension of 30 mm
× 30 mm × 2 mm; they was degreased, sanded with SiC papers (up to 1500) and pol-
ished with a 0.3 µm aluminum oxide solution, rinsed with water, cleaned with ultrasonic
bath 10 min in acetone and 10 min in alcohol, and, finally, were dried at room tempera-
ture according to ASTM G1-03 [14]. The base pressures before the deposition were from
7.6 × 10−4 to 2.1 × 10−5 mbar and were reached using a molecular-turbo pump and a
primary rotating pump in a spherical (35 cm in diameter) vacuum chamber (Trinos Vacuum,
Paterna, Valencia, Spain). Before the film deposition, 10 min of pre-sputtering was taken to
clean the target with the shutter closed. The films were deposited by RF-magnetron sput-
tering, using a Ti target of 50.8 mm in diameter and 6.35 mm in thickness (Sigma-Aldrich®,
St. Louis, MO, USA, 99.99%), the used gases were argon (Ar—99.998%, grade 5.0) and ni-
trogen (N2—99.99% high-purity). Ti films were deposited using only argon for 10 min, then
nitrogen was added, and the deposition time of TiN was 110 min. The working pressure
(Ar/N2) was about 1.1 Pa. The flows of Ar and N2 gases were controlled separately by
mass flow controllers (Alicat Scientific, Tucson, AZ, USA) and Cole-Parmer®(Cole-Parmer,
Vernon Hills, IL, USA). Table 1 shows the sets of deposition parameters used to obtain
Ti/Ti2N film. Five different sets where used, for each set only one deposition parameter
was changed; in set 1 was varied the RF-power from 100 W to 175 W; in set 2 the on-
substrate temperature (300–450 ◦C); in set 3 target-to-substrate (T-S) distance ranged from
10.5–16.5 cm); in set 4 Ar flux; and in set 5 nitrogen flux. Reviewing previous literature, the
fixed parameters (T = 300 ◦C, DT-S = 10.5 and Ar/N2 ratio of 16/7) were selected for set 1
where the varied parameter was RF-power. After each deposited set, the structure of films
was studied with XRD and the film with high diffracted peaks was selected to be the value
used in the next set, with this criterion in the set 1 was selected the RF-power of 125 W and
was labeled with an asterisk.
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Table 1. Deposition parameters of Ti/Ti2N films divided in five parameters sets.

Fixed Parameters Varied Parameter Fixed Parameters Varied Parameter

Set 1 Set 4
Condition RF-power (W) Condition Ar flux (sccm)

Tsubs = 300 ◦C 100 Tsubs = 450 ◦C 16
DT-S = 10.5 cm 125 * DT-S = 10.5 cm 26

Ar flux = 16 sccm 150 RF Power = 125 W 36
N2 flux = 7 sccm 175 N2 flux = 7 sccm 46 *

Set 2 Set 5
Condition Temperature (◦C) Condition N2 flux (sccm)

RF Power = 125 W 300 Tsubs = 450 ◦C 4
DT-S = 10.5 cm 350 DT-S = 10.5 cm 7

Ar flux = 16 sccm 400 RF Power = 125 W 10
N2 flux = 7 sccm 450 * Ar flux = 46 sccm 13

Set 3
Condition Distance T-S (cm)

Tsubs = 450 ◦C 10.5
RF Power = 125 W 12.5
Ar flux = 16 sccm 14.5
N2 flux = 7 sccm 16.5 *

* Selected next fix parameter.

2.2. Characterization

The XRD pattern of Ti2N film was obtained using Bruker D8 Advance (Bruker, Billerica,
MA, USA), with Cu Kα radiation (λ = 1.5148 Å) and Lynx-eyed detector, operating at 35 kV
and 25 mA. The studies were performed in conventional Bragg–Brentano configuration for
the range 2θ from 20◦ to 80◦ with a step size of 0.8 deg./min. The microstructure of the
sputtered films was observed by scanning electron microscopy (SEM, JSM-7610F, JOEL,
Tokyo, Japan) at 15 keV of operating voltage.

The electrochemical corrosion behavior of Ti2N film was performed in 3.5% NaCl
water solution at 25 ◦C using a three-electrode system acrylic cell with work electrode
(WE), reference electrode (RE), auxiliary electrode (AE), saturated calomel electrode (SCE)
using an Gill AC Instrument, serial 1650 (ACM Instruments, Grange-Over-Sands, Cumbria,
UK) pontentiostate. The open circuit potential (OCP) was analyzed for 1600 s; linear
polarization resistance (LPR) ranged from −20 mV to 20 mV. For the polarization tests
the potential was swept from −300 mV to 1650 mV around de OCP. The electrochemical
impedance spectroscopy analysis was carried out using an amplitude of the input sinusoidal
perturbation signal voltage of 10 mV with a sweep frequency from low-high frequency
from 0.0001 Hz to 100,000 Hz. Sequencer and Core Running software was used to OCP,
LPR, and EIS analyses (version 4, ACM Instruments, Grange-Over-Sands, Cumbria, UK).

3. Results and Discussion
3.1. Structure Studies by XRD

Figure 1a–e shows the diffractograms of the substrate and the Ti/Ti2N films obtained
using different RF-magnetron sputtering deposition conditions. A few of Ti/Ti2N films
not showed clear diffraction peaks, indicating a low crystallinity, but must show peaks
corresponding to crystalline phases of Ti and Ti2N, probably due at the nonstoichiometric of
titanium nitrides. The diffraction peaks observed at ~36◦, ~41◦, ~57◦, ~61◦, ~62◦, and ~76◦

corresponds to the planes (112), (200), (105), (204), (220), and (312) of the Ti2N tetragonal
crystal structure (141/amd spatial group), [15], identified with the ICDD card No. 01-080-
3438. Moreover, diffraction peaks at ~30◦, ~35◦, and ~62◦ should be from the iron oxide
(Fe3O4) corresponding to planes (220), (311), and (440) respectively, according to ICCD
card No. 19-629 [16], the oxide can be formed after the substrate polished and because
was not eliminated with plasma pre-cleaning of the substrates and the high value of the
base pressure. In some films, it can be observed a diffraction peak at ~35◦ from the (100)
plane of hexagonal α-Ti phase due to the deposition of the buffer layer [17]. Similarly,
it observes the contribution of substrate with diffractions at 44◦ and 62◦ 2θ degree [18],
corresponding to ICCD card 06-0694 [19]. Figure 1a shows the diffractograms for the set 1,
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the film deposited with a RF-power of 125 W has the more intense peaks and this parameter
was selected for being used in the next set. Figure 1b shows that the change in the substrate
temperature from 300 to 450 ◦C has a significant influence on the structure. Figure 1c shows
the effect of the target-to-substrate (T-S) distance on the XRD pattern. It is observed that the
maximum distance (16.5 cm) does not affect the crystallinity of the film because this film
was deposited at 450 ◦C and the mobility of adatoms was improved thermically. Figure 1d
shows the influence of Ar gas mass flow on the XRD pattern. It can be observed that for
the maximum mass flow of 46 sccm, a diffraction peak corresponding to the plane (200)
of Ti2N increases. Finally, Figure 1e shows the XRD of the Ti/Ti2N films as a function of
N2 mass flow. The relatively low flow of nitrogen (Ar/N2 = 2.28)) used to deposit most
coatings produces the Ti2N phase instead of TiN, and for set 5 the ratio Ar/N2 was even
lower, from 3.53 to 11.5.
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Figure 1. XDR pattern of Ti/Ti2N films using five sets of parameters, and the parameter that var-
ied was: (a) RF-power, (b) temperature on substrate, (c) distance target-substrate, (d) flow Ar gas,
and (e) mass flow of N2.
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3.2. Microstructure
3.2.1. Thickness and Morphology Analysis

Figure 2a,b shows the surface morphology and cross-section of the Ti/Ti2N film, with
the proposal to determine thickness, this film was deposited at 125 W, 450 ◦C, 16.5 cm
and 46/7 ratio of Ar/N2. In Figure 2a can be observed that the surface morphology is not
homogeneous, presenting two types of formations, according to Stranski–Krastanov or
layer to island growth model where interface energy is comparable to island interaction
energy [20]. First, it is possible to observe a zone grainy (dark sites) with moderate dome
morphology, the high temperature favored the mobility of the adatoms, making the film
denser and smoother, corresponding to Ti2N film [21]. However, the second zone (light
sites) can be observed with fractionated particles and voids, like island growth promoted
by presence of oxygen. The Ti ions form cluster material dispersed with carbon and
nitrogen atoms [22]. Figure 2b shows intentionally damaged film to observe the cross-
section and measure the thickness in Ti/Ti2N using SEM images. In cross-section image of
Ti2N films shows square wedge-shaped dense columns. The value of thickness showed in
Figure 2b is approximated because the cross section was not observed at a normal angle.
The microstructure morphology of the substrate (AISI 1060) corresponds to high-density
grains due to the austenite–martensite phases [23].
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Figure 2. Top-view (a) and cross-section (b) trace scanning electron microscope (SEM) images of
Ti/Ti2N films.

3.3. Electrochemical Behavior of Ti2N Films
3.3.1. Potential Circuit Open Evaluation

Figure 3a–e shows the OCP evolution of Ti/Ti2N films deposited by RF magnetron
Sputtering varying deposition conditions parameters in 3.5% NaCl solution. Figure 3a
shows that the films of Ti/Ti2N obtained with the set 1 parameters, RF-175W, present
a better performance than the substrate; thus, from the curves, it can be concluded that
the tendency to corrode the substrate was reduced. In general, it shows a displacement
of the potential, in which the most cathodic values are defined as when the RF-power
decreases. This factor controls the target´s sputtering rate, increasing the energy of the
system and achieving metastable states in the species where it can obtain this type of
coatings; in addition, it can be indicated that the RF-power is a parameter that has effects
on aspects of the coating that increase its resistance to corrosion products. Likewise, it can
be observed that the RF-power at 175 W stabilizes the potential as a function of time;
these results would demonstrate experimental evidence that the T2N layer formation does
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not take place at the expense of the Ti layer [24]. Regarding temperature (Figure 3b), the
structures of the thin layers were investigated. It was determined that the structure of the
layer could be expressed as a function of the ratio of the temperature of the substrate so
that if it exceeded 400 ◦C, the potential at which these regions are exposed is characteristic
of the reduced species. The amplitude of the reduction process and another allows the
quantification of reduced corrosion products, so it is observed that in the ranges from
300 ◦C to 400 ◦C, the surface ratio of the samples determines uniformity in the coatings [25].
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Figure 3. Open circuit potential of Ti/TiN films in neutral 3.5 wt% NaCl solution at room conditions
varying the following sputtering parameters: (a) RF-power, (b) temperature on the substrate, (c) target–
substrate distance (d) argon flow mass, and (e) nitrogen flow mass.

The curves of 450 ◦C showed a similar tendency compared with the effect of RF-
100 W, RF-125 W, and RF-150 W, and the titanium nitride showed a slightly less corrosion
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potential. Thus, the temperature ranges from 300 ◦C and 400 ◦C, promoting a stable layer
that protects the metal against corrosive attack (the best stable parameters, see Table 2).
As the values of the films obtained at 450 ◦C have a slight difference from the bare substrate,
this indicates that it influences corrosion resistance very little, which can be attributed
to the substrate temperature increases and the grain dimension. It also increases due to
the higher critical dense columnar structure [26]. Figure 3c shows the curve corrosion
potential of Ti/Ti2N films submerged in 3.5% salinity NaCl solution as electrolyte when
the target-to-substrate distance was moved from 10.5, 12.5, 14.5, and 16.5 cm, keeping the
constant 125 W, 450 ◦C, 16.5 cm and 46/7 ratio conditions Ar/N2. It observes that the
curves corresponding to upper at 10.5 cm showed significant behavior compared with the
bare substrate carbon steel and registered high voltage indicating the positive effect as a
noble material, although presenting a low tendency in function at the exposure time 1600 s.
This phenomenon is attributed to the distance between substrates, and the sputtering
target was kept sufficiently close to ensure that the growing film was immersed in the
sputtering stoichiometry plasma [27]. The film obtained from a 10.5 cm target-to-substrate
distance exhibited a corrosion potential close to the non-coated carbon steel substrate. The
potential corrosion test was the best, since its potential is the greatest compared to the
examples evaluated using RF-power and temperature; it was thus decided to study the
effect when the varied with the flow rate of Ar and N2 gasses, as shown in the Figure 3d,e.
Figure 3d shows the potential corrosion tests conditioned by injecting a mass flow of Ar
gas from 16, 26, 36, and 46 sccm submerged into NaCl 3.5% solution. This variable made
it possible to uncover that the flow rate of Ar released must be low; thus, this reaction
generated a passive layer. With these values, it is indicated that there was a brief or
relative improvement concerning the bare carbon steel substrate with the Ar flux of 36 and
46 sccm. The increase of the gas flow rate allows the acceleration of the ionization process,
promoting the increasing electron density of the plasma, due to the high-energy tail of
the function being tied to electron energy distribution of the lower energies. Therefore,
the direct ionization, which results from the energetic electron’s impact with gas atoms,
is reduced, while the increasing electron density with the flow rate increases due to the
stepwise ionization [28]. An interpretation of this fact is that the films achieve a structure
with greater porosity when the flow increases. For lower movements, refined grains are
obtained, achieving a diffuse and tortuous network for the electrolyte to reach the surface
of the substrate, therefore increasing the corrosion protection in the presence of chloride
ions. Instead, Figure 3e shows the potential with the variation of the N2 flow rate used
as a deposition parameter during the sputtering process. It can be observed that the
corrosion potentials curves are very similar, both in the behavior as a function of time and
the average potential values; the system with an adequate performance compared to the
substrate is 4 sccm. This performance is different from the one discovered by [29], who
mentioned that the corrosion resistance under OCP conditions increased with increasing
nitrogen concentration.

Table 2. Fitting results of OCP curves with best behavior were immersed in 3.5% NaCl solution for
1600 s.

Parameter E Starting
(mVvsSCE)

E End
(mVvsSCE)

Absolute
Difference (E)

RF-175 (W) 477 550 73
350 (◦C) 521 581 60
12.5 (cm) 415 525 110

36 (Ar sccm) 358 470 112
4 (N2 sccm) 523 588 65

This result occurred was because the element managed to reduce the electrochemical
potential; therefore, the potential difference between the substrate and the film decreased,
and this resulted in the consequence of reducing the proclivity to galvanic corrosion.
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In summary, Ti2N film acts as a noble material and protection occurs due to the formation
a protective oxide film. However, the other systems act as physical barriers between the
corrosive species and the substrate. These phenomena can probably be attributed to the
combination of sputtering parameters that can condition microstructure and promote the
formation of a more stable film [30].

3.3.2. Potentiodynamic Polarization Curves Evaluation

Figure 4a–e shows the curves of the potentiodynamic polarizations of Ti/Ti2N films
deposited on AISI 1060 steel, keeping the constant 125 W, 450 ◦C, 16.5 cm and 46/7 ratio
conditions Ar/N2. In Figure 4a the results for the deposited films with the varying RF
power are shown, and observing the curves, it can be concluded that the films in question
have a similar corrosion resistance and are comparable with the substrate; the graphic
of the result is identical, despite the film RF-175W exhibiting a few greater corrosion
potentials. However, the current density values are in the same range, close to −2 mA/cm2;
therefore, it is impossible to evaluate the films’ corrosion resistance using these parameters.
Thus, all cases determined that the active region or zone is distinguished by general active
dissolution, without the characteristics of potential for pitting or localized attack [31]. For
this reason, the Ti2N film generates a protective layer that, when immersed in 3.5% solution
NaCl, causes an increase in the open circuit potential with records increasing in current
density. Subsequently, it stabilizes the current density as the potential increases to above
1000 mV. This behavior could be caused by a phenomenon called active dissolution [32]. The
corrosion mechanism of Ti/Ti2N films is established by indicating that the thin layers have
pores that allow the pass-through. The pores are generated during the deposition process;
when they are exposed to the action of the electrolyte, new pores form in the Ti2N layers
and these are removed. However, as the Ti2N films have a thickness of 156 ± 0.049 nm, the
electrolyte takes longer to dissolve the Ti2N films. Therefore, they are more resistant to
corrosion. This resistance is due to a layer of oxides and oxynitrides that retards the action
of the electrolyte [32]. Figure 4b presents the results of the potentiodynamic polarization
test for the Ti2N deposited under varying temperatures. It can be concluded by observing
the curves that the best behavior in corrosion potential is obtained at 350◦ and 400 ◦C
(see Table 3). In addition, the lower corrosion current density corresponded to the film
deposited at 350 ◦C, the measured value was −2.5 mA/cm2 compared with the substrate,
while a value of −2 mA/cm2 was registered. This value is like that generated for the film
obtained at a temperature of 450 ◦C, but this value has the potential to be more anodic than
the substrate; thus, they are converters in a sacrificial anode film, as is attributable to a
partially protective film. Therefore, the films obtained at 300 ◦C, 350 ◦C, and 400 ◦C show
better results in the potentiodynamic polarization tests, and this is due to their structure
being dense and compact. The film obtained at 450 ◦C is a columnar type, and the result
can be supported by the XRD spectra, since it can be seen in the peak of the spectrum
that the temperatures between 300 ◦C and 400 ◦C have a smaller grain size and are more
significant than the system at 450 ◦C. Therefore, these films, excepting the 450 ◦C film, offer
better protection to the electrolyte and work inertly with the fixed cathodic potential so that
the samples do not deteriorate, allowing the rate of deterioration to fall. Consequently, this
reaction generated a passive layer caused by oxide Ti, a diffuse lattice for the electrolyte to
reach the surface of the substrate [32].
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Figure 4. Cyclic potentiodynamic curves of coated and uncoated AISI 1060 samples in 3.5 wt% NaCl
solution at room conditions varying the following sputtering parameters: (a) RF-power, (b) tempera-
ture on substrate, (c) target–substrate distance, (d) argon flow mass, and (e) nitrogen flow mass.

Table 3. Fitting results of potentiodynamic polarization curves with the best behavior immersed in
3.5% NaCl solution.

Parameter Ecorr
(mVvsSCE)

Icorr
(mA/cm2)

RF-175 (W) - 621 - 2.26
400 (◦C) * - 634 - 2.57
14.5 (cm) - 569 - 2.43

46 (Ar sccm) * - 550 - 2.45
4 (N2 sccm) * - 605 - 2.47

* RF = 125 W, D = 16 cm, T = 450 ◦C Ar/N2 = 16/7 sccm.
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Figure 4c shows a displacement of potential in the potentiodynamic polarization
curves. It indicates a shift to more cathodic values when increasing the target-to-substrate.
For distances superior to 10.5 cm, an increase in the particle collisions allow the scattering
and diminishing energy of atoms from the target to the substrate [33]. The increase of
distance influences the porosity of the film; similarly, in the crystallinity, the texture is
a characteristic observed using SEM and XRD, also found by [33]. This performance is
associated with a layer in the Ti2N products’ formation and prevents corrosion. Likewise,
it can be observed that the potentiodynamic polarization dynamic curves decrease the
corrosion density. These results provide experimental evidence that the formation of the
protective layer is independent of the corrosion potential since the corrosion density is
reduced, which can be interpreted as an increase in corrosion resistance. Figure 4d shows
the varying differences of the the Ar in the mass flow rates of 16, 26, 36, and 46 sccm. The
graphic shows that the flow at 36 sccm achieved the best performance corrosion potential
and density current when the flux was increased. There is little literature that refers to
the effect of Ar gas on the electrochemical properties of Ti2N films. However, as is the
case with many materials, the current density is linearly dependent on the external electric
field. Likewise, as can be seen in [34], research work has investigated the influence of
argon gas flow and found that the resistivity of Ti2N films increases with the argon gas
flow [35]. According to [24], a high resistivity on film is due to the porous structure of
the layer (the presence of voids between needles or columns). Finally, Figure 4e shows
the range of the rate of flow from 4, 7, 10, and 13 sccm during the deposition process
by RF–magnetron sputtering. It observes the formation of the Ti2N film, increasing the
crystalline phase previously identified by XRD. It evaluates the range in which a Ti2N
compound can be formed on the substrate, thus obtaining the deposition of layers whose
properties depend on the chamber during the process. In addition, when the presence of
nitrogen gas acting reactively in the chamber is abundant, it can cause the compound to
form on the cathode, thus modifying the characteristics of discharge and deposition; this
behavior is associated with obtaining 10-sccm N2. Therefore, a mixture of two types of
gas with different concentrations is required to determine the range of Ar gas. In contrast,
using gas as an inert substance is possible from 16 to 36 sccm, and the proportion of N2
is resolute between 4 and 7 sccm, where the XRD spectra determined that they have an
appropriate stoichiometry on the deposited layer due to the greater effectiveness of the
sputtering process [36]. The ratio gas mixture of Ar/N2 (36/4) results in the formation
of dense films free of defects and residual stress, indicating an improvement in corrosion
resistance [37].

3.3.3. Bode Diagram Evaluation

Figure 5a–e shows Bode plots of Ti/Ti2N deposited on AISI 1060, adjusting for dif-
ferent deposition parameters, keeping the constant 125 W, 450 ◦C, 16.5 cm, and 46/7 ratio
conditions of Ar/N2. Figure 5a shows that the frequencies are specified at low and high
values. The diagram shows the range from 10 × 104 to 10 × 101 Hz of the impedance
modulus versus frequency; the presence of a horizontal plateau is related to the resistive
elements and is associated with the interaction of the film when in contact with the NaCl
solution. This electrolyte resistance and charge transfer values are similar between films
and substrates. At frequencies between 0.26 and 0.01 Hz, the formation of the protective
layers is exhibited in films that were sputtered with the RF-powers of 125 W and 175 W.
However, the film sputtered at 100 W represents the protection layer’s breakdown due to
the possible ingress of electrolytes and the consequent dissolution of the film. Figure 5b
shows the films deposited on AISI 1060 integrating a Ti buffer layer first and, subsequently,
the layer of Ti2N. When this film system was subjected to high and low corrosion frequency
tests, the electrolyte impedance on the substrate was similar to the film; however, when the
temperature of the substrate reaches 400 ◦C, the impedance value increases (see Table 4).
However, it can be observed that when the temperature in the substrate increases, the
impedance value decreases, probably attributed to the change of microstructure from the
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dense structure to the island type with huge pores present in the grains [38]. Figure 5c
shows the Bode diagram corresponding to carbon steel and the variations of the deposi-
tion parameters, such as target-to-substrate distance. It observes that at high frequency
the films present a similar value to above the substrate; thus, the corrosion resistance is
not significant, and the target-to-distance does not directly relate to the impedance. This
performance indicates that the protect film generated for the Ti2N film and the oxide
on the substrate have a similar response due to the porous layer’s clogging generating
protection [39]. At low frequency the films demonstrate a good behavior due to an increase
in all the films’ impedance compared to the substrate; therefore, it is important that there
is no alteration between Ti2N film and interface generated by the titanium when it is sub-
mitted to electrolyte attack. A low frequency can determine a behavior difference because
the layer less target-to-substrate has a significant impedance. However, a low frequency of
0.01 Hz shows a decreased impedance associated with the dissolution and interconnection
of porous and a decrease in corrosion resistance [40]. This behavior contrasts with the
reported by the authors of reference [41], who postulated that “the high impedance values
in the low-frequency region can be associated with the presence of the barrier layer of the
passive film”. Figure 5d,e shows how the impedance in function changes of the flow rates of
N2 and Ar gas, showing how the impedance in function changes with the flow rates of N2
and Ar gas. These systems observe that the response’s high frequencies are similar to those
obtained when the temperature, RF-power and target-to-distance vary. This impedance
behavior is due to the corrosion generated by the porosity of Ti2N films. Concerning
low frequencies, a slight increase in the impedance to flow rate of 36 sccm is presented.
However, the best flow rate of N2 is 4 sccm and, therefore, a better relationship between
N2/Ar gas is the ratio of 4:16 sccm, allowing the optimization and reducing degradation,
generating the possibility of the formation of corrosion products, which, when evaluated at
high frequencies, clog the pores, and generate an increase in the resistive path [42].

Table 4. Fitting results of EIS curves with the best behavior immersed in 3.5% NaCl solution.

Parameter
Rs Rp

kΩ cm2 kΩ cm2

RF-150 (W) 0.013 1.481
400 (◦C) 0.012 2.662
14.5 (cm) 0.015 1.237

46 (Ar sccm) 0.016 1.013
4 (N2 sccm) 0.019 1.612
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Figure 5. Bode plots of Ti/Ti2N of coated and uncoated AISI 1060 samples in 3.5 wt% NaCl solution
at room conditions varying the following sputtering parameters: (a) RF-power, (b) temperature on
substrate, (c) target–substrate distance, (d) argon flow mass, and (e) nitrogen flow mass.

4. Conclusions

The research aims to optimize the deposition parameter to understand the level of
influence of each variable. The study considered the following variables: RF-power, the
substrate temperature, target-to-substrate distance, and the flow rate of N2 and Ar gas. The
results found are as follows:

XRD analysis shows that the injection of less flow mass of N2 best influenced the
structural property, allowing the lowest increase in the peak of Ti2N on the plane (112)
tetragonal structure crystalline due to the nonstoichiometric of titanium nitride. In some
samples diffraction peak reflections of Fe3O4 were found, which were formed after the
polish was not eliminated by a plasma cleaning. The SEM analysis demonstrated the for-
mation of nucleation growth, according to the Stranskis–Krastanov model (layer + island).
In the OCP evaluation, the best behavior corresponded with a temperature of 350 ◦C.
Additionally, in the potentiodynamic curves result, the substrate temperature of 400 ◦C
was better than the other varying deposition parameters. Finally, the Bode analysis of EIS
results shows the same relationship found with potentiodynamic tests with respect to the
substrate temperature.
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