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A B S T R A C T

The implementation of a duplex process, which combines plasma nitriding with hard coatings obtained by ca-
thodic arc, on stainless steel substrates has faced adhesion problems that affected the wear and corrosion behav-
ior of the treated surfaces. One variation of the cathodic arc process, which could improve the adhesion, is its
combination with plasma ion implantation.

This work presents results of the wear and corrosion behavior of duplex TiTiN bilayer coatings obtained by
cathodic arc deposition combined with ion implantation (PBII&D) on plasma nitrided AISI 316L stainless steel
In order to compare the application of PBII&D in duplex processes against conventional cathodic arc deposition,
other two types of samples were obtained; one group of samples was coated using the same experimental device
with the substrate at floating potential and the other one with a commercial PVD system.

The coatings were characterized by SEM, XRD, and nanoindentation. The adhesion was evaluated by the
Scratch Test and Rockwell C indentation. The wear resistance was analyzed by the pin-on-disk test and the corro-
sion behavior was evaluated by means of anodic polarization tests in NaCl solution, as well as by the Salt Spray
Fog Test.

The PBII&D bilayer coatings showed better adhesion while the commercial PVD TiN coatings presented the
smallest wear volume loss, but the delamination inside and around the track evidenced adhesion problems. Cor-
rosion resistance was improved in all coatings benchmarked against nitride substrates, but PBII&D processes of-
fered better protection.

1. Introduction

Austenitic stainless steels, like AISI 316L, are usually used in aggres-
sive industrial environments, such as food, petrol and chemical indus-
tries, due to the high Cr content which allows the formation of a thin
oxide layer that protects them against corrosion. However, its low hard-
ness and poor wear resistance make it necessary to improve the tribo-
logical properties by surface modification treatments with the purpose
of extending the application range [1,2].

Several surface treatments and thin film deposition processes have
been designed in order to improve hardness, wear and corrosion proper-
ties of these steels. Plasma nitriding is a useful thermochemical process
for hardening stainless steels which increases the wear resis

tance, but the corrosion resistance could be affected if the nitrogen com-
bined with the free chromium near the surface instead of remaining
in solution [3,4]. Physical vapor deposition (PVD) TiN ceramic coat-
ings are widely used for hardening cutting tools, extending wear life
and, because of their chemical inertness and biocompatibility, are used
as biomaterials or in mechanical components working in harsh indus-
trial environments. Cathodic arc deposition is a very required PVD tech-
nique because the high ionization degree of the plasma with ion en-
ergy in the range of tens to a few hundred eV promotes the forma-
tion of adherent and dense coatings, which increases hardness and
wear resistance [5,6]. Plasma Based Ion Implantation and Deposition
(PBII&D) is an alternative method in which a high negative pulsed
voltage is applied to the substrate, increasing the ion energy to the
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Table 1
Main deposition parameters.

Condition
Bias
[kV]

Pressure
[Pa] Gases

Arc Current
[A]

Cathodes
Number

Distance sample-target
[m]

Time Ti/TiN
[s]

Temperature
[°C] Interlayer

TiTiN+I − 6 3×10−2 N2 100 1 0.25 120/1020 300 Ti
TiTiN floating 3×10−2 N2 100 1 0.25 120/1020 300 Ti
TiNS − 0.250 2 N2 60 4 0.25 1200 350 none

Fig. 1. SEM surface micrographs 2000x: (a) TiTiN+I, (b) TiTiN, (c) TiNS.

Fig. 2. FIB-SEM images layer, interlayer and interface thickness: (a) TiTiN+I, (b) TiTiN, (c) TiNS.

Fig. 3. SEM images columnar structure: (a) TiTiN+I, (b) TiTiN, (c) TiNS.

Table 2
Roughness values and mechanical properties of the different layers.

Sample Ra (µm) H (GPa) E (GPa) H/E H3/E2

TiTiN+I 0.18±0.03 25.4±0.7 310±5 0.084±0.004 0.171±0.007
TiTiN 0.14±0.02 26±1 358±10 0.074±0.005 0.134±0.009
TiNS 0.08±0.01 32.4±0.8 354±5 0.094±0.004 0.271±0.010
Nitrided 0.09±0.01 13.0±0.2 144±3 0.090±0.003 0.105±0.004
Blank 0.08±0.01 2.45±0.05 190±2 0.013±0.001 0.0040±0.0003

range of keV. These energetic ions impinge at the surface and they are
implanted in it during the pulse meanwhile the relative low energy ions
are deposited at the surface between pulses. The ions penetrate a few
atomic layers creating a diffuse interface from the beginning of the coat-
ing deposition process, which increases the adhesion and densifies the
film while it is growing, thus avoiding the formation of channels or

pores [5–10]. Duplex treatments, nitriding+coating, allow to achieve
properties that would be difficult to obtain with a single technique. In
the case of combining plasma nitriding and PVD hard coatings on tool
steels, it has been reported that the nitrided layer provides a mechanical
support to the film that improves the wear resistance [11–13].
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Fig. 4. XRD patterns in Bragg-Brentano geometry.

Table 3
Structural parameters of TiN coatings.

Samples
Microstress 10−3[no
unit]

Crystallite size
[nm]

Residual stress
[GPa]

TiTiN+I 7.9±3.0 17±2 −5.10±0.91
TiTiN 6.7±1.9 21±3 −5.03±0.45
TiNS 6.3±0.7 21±1 −6.69±0.42

Fig. 5. XRD pattern in grazing incidence geometry with incidence angle α=1º.

Coating adhesion has a crucial influence both on wear and corro-
sion behavior; in a previous work the authors demonstrated that an ef-
fective pre-treatment of a nitrided substrate before coating it and the

Fig. 6. Scratch test critical load TiTiN+I, TiTiN and TiNS, mean values and errors.

introduction of a thin Ti interlayer are essential to achieve good adhe-
sion [14]. The tribological properties of the films are also improved by
the presence of compressive residual stresses, which helps to reduce the
crack propagation too [7,15,16].

Several authors have studied mechanical, wear and corrosion per-
formance of different PVD hard coatings obtained by magnetron sput-
tering, ion plating, cathodic arc, or PBII&D. The study of structure and
microhardness of TiN coatings deposited using magnetron sputtering
on pre-nitrided AISI 304 steel showed a significant increase of micro-
hardness of duplex treated samples respect to the nitride one [17]. Mi-
crostructure and tribological behavior of TiN coatings deposited with
CAD on nitride AISI 316L were investigated by Las Heras et. Al [18].
This research showed that the duplex treatment improved significantly
the wear resistance of the surfaces during sliding/ contact tests respect
to the substrates only nitrided. Some of the authors of the present work
carried out the characterization of TiN coatings deposited with CAD and
PBII&D on pre-nitrided AIS I316L [19]. The work focused on the mi-
crostructure and the corrosion behavior found the best corrosion behav-
ior for the PBII&D coatings. However, TiN coatings grown with PBII&D
over plasma nitrided austenitic stainless steel have not yet been exten-
sively studied from the mechanical point of view.

In this work, wear and corrosion behavior of Ti/TiN bilayer coat-
ings obtained by PBII&D over a plasma nitrided AISI 316L stainless steel
were evaluated and compared with cathodic arc PVD Ti/TiN, without
polarization and a PVD commercial TiN coatings. Results of wear and
corrosion tests were related to mechanical structure and adhesion char-
acteristics of the coatings.

2. Material and methods

Cylindrical 5mm high disks were cut from a 25mm in diameter AISI
316L bar. The face to be nitrided was grinded with SiC paper up to
#1000 grid. The direct current plasma nitriding (DCPN) process was
carried out into an industrial equipment of IONAR S.A (Argentina) for

Fig. 7. Scratch test 200x: (a) 25N for TiTiN+I, (b) 20N for TiTiN, (c) 20N for TiNS.

3



UN
CO

RR
EC

TE
D

PR
OO

F

L.S. Vaca et al. Materials Today Communications xxx (xxxx) xxx-xxx

Fig. 8. SEM images RC Indentation: (a) TiTiN+I 200x, (b) TiTiN 200x, (c) TiNS 200x, (d) TiTiN+I 400x, (e) TiTiN 400x, (f) TiNS 400x.

Fig. 9. Pin-on-disk TiTiN+I, TiTiN, TiNS, graphs: (a) friction coefficient, (b) lost volume (c) lost volume and H3/E2 ratio.

20h, at 420 °C, in a gas mixture of 20 % N2 + 80 % H2. The ni-
trided samples were grinded again with #1000 grid for 1min with
a small load without significantly affecting the nitride layer. The ni-
trided samples were divided into four groups. Two groups called TiTiN
and TiTiN+I were coated with Ti/TiN bilayers in an experimental ca-
thodic arc device. A third group denominated TiNS was coated with
TiN monolayers into an industrial device of SUDOSILO S.A (Argentina).
A fourth group was not coated to be used as a benchmark (Nitrided)

and, for the same reason, a fifth group of nude steel samples (Blank) was
considered.

The experimental cathodic arc device has been described in a previ-
ous work [14]. The arc current was set at 100 A. The substrates were
located approximately 0.25m away from the cathode, keeping the tem-
perature at 300 °C. TiTiN samples were insulated from the device bias-
ing at floating potential and TiTiN+I samples were biased with neg-
ative pulses (6kV, 50µs width, at 200Hz). The nitrided substrates of
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Fig. 10. Micrograph of the Pin-on-disk wear track: (a) TiTiN+I, (b) TiTiN, (c) TiNS.

Fig. 11. Surface photos after the salt fog spray test: (a) TiTiN+I, (b) TiTiN, (c) TiNS, (d) Nitrided, (e) Blank.

Fig. 12. Polarization curves of TiTiN+I, TiTiN, TiNS, Nitrided and Blank samples.

Table 4
Anodic – cathodic polarization quantitative data.

Sample Ecorr mV vs SCE J300mV µA/cm2 Ebk mV vs SCE

TiTiN+I 203±2 0.31±0.08 1524±9
TiTiN −153±4 1.04±0.04 1496±8
TiNS −340±4 1095±22 42±3
Nitrided −419±5 9.62±0.11 542±6
Blank −240±2 3.68±0.15 340±8

TiTiN+I and TiTiN samples were chemically cleaned and sputtered
with an Ar-H2 (50 %-50 %) glow discharge following the optimized pro-
tocol described in Ref. 14. The Ti layer was deposited with a discharge
of 2min duration at a pressure lower than 10−2 Pa. The TiN coating was
obtained introducing a nitrogen flow at a 3×10−2 Pa working pressure,
exposing the sample to the discharge for 17min.

The commercial device had four evaporators at different heights
and the samples were placed on horizontal platforms with satellite
movement that maintained an average distance to the cathode of
(0.25+0.07) m. The substrates were heated at 350 °C and biased at –
250V DC, and the arc current set at 60 A. Pre-treatment of TiNS sam-
ples consisted of sputtering with Ti ions. The ion bombardment was

carried out in vacuum arc discharge increasing the bias of the samples
to −700V with the purpose of making the bombardment predominant,
thus avoiding Ti deposition. The TiN films were deposited in a N2 at-
mosphere at a working pressure of 2Pa, exposing the sample to the dis-
charge for 20min.

The main parameters of three conditions are summarized in Table 1.
Crystalline structure and residual stresses in the different films were

analyzed with X-ray diffraction (XRD). Diffraction patterns were mea-
sured in Bragg Brentano and grazing incidence geometries using a
PHILIPS PW1710 and a Panalytical Empyrean diffractometer, respec-
tively. In both devices, the Cu Kα radiation was employed, with an av-
erage wavelength of λ =1.5418Å. Bragg Brentano patterns were mea-
sured in 2θ ranges 30° - 80° and 100° - 130° with a step size of 0.03°. In
grazing incidence geometry, the incidence angle (α) was set at 1º and 2θ
varied in the range 30° - 130° with a step size of 0.02°. The TiN crystal-
lite size was calculated with the Scherrer´s formula from the (111) peak
broadening, subtracting the instrumental peak broadening (β). The mi-
crostress was estimated by applying the Williamson-Hall method [20].
This technique allows the calculation of the microstress from the slope
when plotting β.cos (θ)vs. sin(θ). Both film morphology and thickness
were analyzed by Optical Microscopy (OM) and Scanning Electron Mi-
croscopy (SEM), combined with Focused Ion Beam, FE-SEM/FIB He-
lios Nanolab 600 (FEI company), to analyse the cross section after ion
milling with gallium atoms.

The coating roughness values were obtained by scanning with a
Laser Confocal Scanning Microscope OLYMPUS OLS4100, in a represen-
tative square area of 7×7 µm2. The obtained images were analyzed
with the microscope software LEXT® and the average roughness was
estimated from the average and the standard deviation of 10 measure-
ments in each sample.

The nanoindentation tests were performed according to ISO
14577−1, in a Triboindenter Hysitron equipped with a Berkovich inden-
ter, using a 10mN load and 2s of indentation time. Each sample was
tested in six different and distant positions and in each one, a grid of
4×4 indentations were performed, 10 μm away from each other. The
penetration was lower than 110nm in all cases and the total number of
indentations for each sample was 96. Not only Hardness (H) and Young
Modulus (E) of the films were measured, but also the elastic strain to
failure (H/E) and (H3/E2) ratios were calculated in order to correlate
them with the tribological behavior [21–23].
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Fig. 13. Optical Micrographs of corrosion pits after the polarization test: (a) TiTiN+I, (b) TiTiN, (c) TiNS.

Fig. 14. SEM pictures of the corroded region analyzed by EDS (a) TiTiN+I, (b) TiTiN, (c) TiNS.

Table 5
EDS quantitative data in the pits of selected samples.

Sample N At% Fe At% Cr At% Ti At%

TiTiN+I 3.63±0.18 – – 33.42±1.70
TiTiN 10.79±0.54 48.72±2.40 17.93±0.90 −
TiNS 3.29±0.16 28.74±1.40 20.77±1.04 0.16±0.01

The coating adhesion was evaluated by the Scratch Test with con-
stant load and Rockwell C indentation. The scratch experiments were
carried out with a Scratch Tester designed and built according to ASTM
C-1624 standard [24], under unlubricated conditions and at room tem-
perature (∼20 °C). The speed of the indenter was 10mm/min forward,
the load was varied from 5N to 40N in steps of 5N. Scratch scars images
were obtained with an optical microscope (OM) and a scanning electron
microscope (SEM). The criterion considered to classify the damage was
with a single level (LC1), where the critical load corresponds to the value
where the first failure occurs in the film [24]. The Rockwell C indenta-
tion test was realized with a conical diamond indenter, and the imprints
were observed with OM and SEM to classify them as acceptable or not,
according to the VDI 3198 Standard [25].

Wear resistance was studied in a pin-on-disk test, with a machine de-
signed and built according to the ASTM G99 – 95a Standard [26]. The
tests were carried out at room temperature with a relative humidity of
about 60 %, with a 3N load at sliding speed of 0.10 ms−1, 500m sliding
distance, and an alumina ball (Al2O3 Ø 6mm) as the counterpart. The
wear track profiles were measured with a mechanical profilometer and
White Light Interferometry (WLI). The lost volumes were calculated us-
ing geometric considerations.

The corrosion resistance was evaluated by Salt Spray Fog and Poten-
tiodynamic Polarization Tests. The former test was conducted for 100h
in sodium chloride solution, at 35 °C temperature reproducing a corro-
sive environment, following the ASTM International B117 – 03 Stan-
dard [27]. When the samples were removed from the chamber, the
surfaces were washed with water and dried with tissue paper, before
taking a photograph. The Potentiodynamic Polarization test was car-
ried out in an electrolytic solution of sodium chloride at 3.5 % p/p at
room temperature using a potentiostat Teq_04, connected to a conven

tional three-electrode system, with a saturated calomel electrode (SCE)
as the reference electrode, a platinum wire as the counter electrode and
the sample acted as the working electrode. The scan rate was 1mV/s
and 0.28 cm2 was the effective work area, delimited with an o’ring. The
corrosion potentials (Ecorr) were determined in an open circuit potential
configuration and the polarization curves, potential vs. current density
were plotted afterwards. Images of corrosion pits were obtained by OM
and SEM and analyzed by Energy Dispersive Spectroscopy (EDS). The
corrosion tests were realized on three samples of each type.

Wear and corrosion tests were also applied to the nitrided samples
without coating and to the nude steel or blank to be used as bench-
marks.

3. Results and discussion

After plasma nitriding process, the average value of the Vickers mi-
crohardness at the nitrided surface, obtained from microhardness tests
with a load of 4903mN, was (1070±70) HV0,05. The thickness of the
modified layer, measured on a cross-section with an optical microscope,
was (104±0,7) µm. Both the microhardness and the thickness measure-
ments were similar to the results obtained in a previous work [14] and
the procedure was the same as followed by other authors [18,19]. Due
to the low load and short time employed for grinding before the coat-
ing process, the grinded samples did not show significant differences in
hardness and thickness respect to the values reported above.

3.1. Coatings structure

The SEM examination of the coatings after the deposition process
showed the presence of macroparticles, which are characteristic of ca-
thodic arc PVD systems (Fig. 1). It is possible to observe that the
TiTiN+I (Fig.1 (a)) and TiTiN (Fig. 1 (b)) surfaces did not show major
differences between them. However, on the surface of TiNS (Fig. 1 (c))
the number and size of macroparticles were smaller than in the other
samples. The work pressure, which is two orders of magnitude lower in
the two first cases, could be the reason for the surface finishing differ-
ences. At a higher pressure, the nitride formation rate on the cathode
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surface becomes bigger, increasing its melting point and therefore
changing the macroparticle generation [28].

As it can be seen from the cross-section FIB – SEM micrographs pre-
sented in Fig. 2, the thickness of the TiN layer was about 1.5µm for
all the coatings and the thickness of Ti interlayer was around 0.5µm
for the TiTiN+I and TiTiN samples. Since the deposition times for the
two types of bilayer coatings were the same, this similarity between the
coating thicknesses indicate that the substrate bias conditions had not
significant influence on the deposition rates.

Fig. 3 shows the SEM pictures obtained from the cross section of the
samples after cryogenic fracture. A columnar structure and the compact-
ness of the films, which are characteristics of this kind of treatment, can
be clearly noted. The columnar width was (100±10) nm for TiTiN and
TiNS samples, and (50±6) nm for TiTiN+I samples. The narrowing of
TiTiN+I columns was probably induced by the higher kinetic energy
acquired by the ions when the bias pulse was on. The structure zone
diagram extended to the deposition of energetic ions and a large flux
describes the structure features as a function of a generalized tempera-
ture and a normalized energy of particles that arrive on the surface, the
different structure zones are delimited by approximately diagonal lines
[29,30]. Therefore, at a similar process temperature, a higher energy of
the impinged ions leads to the growth of narrower column grains. The
structure of TiNS coatings presented some channels between columns,
which can be observed in Fig. 3 (c).

The mean values of several average roughness measurements (Ra)
for each coating group are shown in Table 2. TiNS samples presented
a roughness similar to the substrates while TiTiN and TiTiN+I in-
creased considerably, which could be attributed to a higher number
of macroparticles on the surfaces. The hardness (H) and elastic modu-
lus (E) obtained from nanoindentation measurements are also listed in
Table 2. H/E and H3/E2 ratios were calculated and added to Table 2.
H/E ratio is related to the plasticity index, which is proportional to the
partitioning between the plastic work and the total (plastic plus elastic)
work performed during indentation. A higher H/E ratio corresponds to
a lower plasticity index and a more elastic contact. H3/E2 ratio is pro-
portional to the load needed to initiate plastic deformation; this means
that it is a measure of the resistance to plastic deformation [31,32]. As
it can be observed in Table 2, the hardness of the coatings exceeded
the hardness of the nitrided layer, and this in turn was much higher
than that of the blank. These results agree that duplex treatments pro-
mote a smoother hardness gradient between the substrate and the film.
TiNS coatings presented the higher H, H/E and H3/E2 values, indicating
higher film resistance to plastic deformation, which some authors corre-
lated with higher resistance to cracking [33].

Fig. 4 shows typical Bragg Brentano diffractograms in the 2θ range
30° - 80° for the three types of samples. Several peaks associated with
expanded austenite (γN) from the nitrided substrate can be identified
in all the samples. In TiTiN+I and TiTiN patterns, the peak associated
with the Ti (100) plane (ICCD N°:00−044-1294) and all peaks of TiN
(ICCD Nº:00−038-1420) can be identified. For TiNS samples, the diffrac-
togram only exhibited the (111) and (222) TiN peaks, which indicated
a preferential (111) orientation. From the broadening of TiN peaks, mi-
crostresses and crystallite size were estimated; the obtained values are
reported in Table 3. For all coatings, crystallite size and microstress
were around 20nm and 7×10−3, respectively.

Fig. 5 shows a grazing incidence diffractogram obtained from a
TiTiN+I sample, where only peaks corresponding to TiN were ob-
served. All the samples exhibited similar grazing incidence diffrac-
tograms as the one in Fig. 5. TiN residual stress was determined from
the measurement of the diffraction peak position in grazing incidence
patterns using the method of multiple hkl reflections [34]. The elastic
strain (ε) of a hkl plane can be defined as:

(1)

where d is the interplanar distance for the plane hkl associated with the

position 2θhkl, d0 is the interplanar distance for the plane hkl accord-
ing to lattice parameter reported in the TiN reference card. Assuming
TiN films as isotropic medium with rotationally symmetric biaxial stress
state, ε can be related to sin2(ψ), being ψ the tilt angle, described as fol-
lows

(2)

where ψ is calculated as the difference between Bragg angle and inci-
dence angle ( , σ is the residual stress, and ν =0.25 the TiN
Poisson´s ratio [34]. The σ value was obtained from the slope of the lin-
ear fitting of ε vs sin2(ψ).

The results of residual stresses are summarized in Table 3. All sam-
ples presented compressive residual stress, characteristic of films grown
by cathodic arc deposition, and TiNS attained the highest residual stress,
around −6.7GPa.

3.2. Adhesion

The bar graph of Fig. 6 presents the averages of critical loads LC and
the corresponding uncertainties obtained as the standard error deter-
mined from three Scratch Tests on ten samples for each condition.

No significant differences were found among LC values obtained for
each condition. However, the appearance of the tracks at the failure
point were completely different. The typical damage suffered by the
coatings on the tracks of the scratch test for each condition are shown in
the optical micrographs of Fig. 7. Identifying the type of failure accord-
ing to Bull´s table [24], TiTiN+I samples (Fig. 7(a)) showed arc tensile
cracks, which is a series of semicircular micro cracks with no chipping
TiTiN samples (Fig. 7(b)) exhibited recovery spallation, which is a small
delamination inside and on the sides of the track; and the failure in all
TiNS samples (Fig. 7(c)) was identified as “gross spallation”. The latter
corresponded to a big failure, where the delamination covered a large
area around the track. This behavior has not been observed in any of
the tests carried out on TiTiN and the TiTiN+I samples. The interface
given by the Ti interlayer in both TiTiN+I and TiTiN coatings, unlike
the TiNS samples, could be responsible for preventing the cracking prop-
agation [14]

Rockwell C Indentation tests were also performed on the same sam-
ples. The results can be summarized as follows: all TiTiN+I samples,
none of the TiTiN and only 10 % of the TiNS samples qualified as ac-
ceptable according to the VDI 3198 Standard [25]. This means that
only the bilayer films grown with implantation presented a very good
adhesion in this test. In Fig. 8, SEM pictures of the imprints are pre-
sented. Large zones of delamination were observed in both TiTiN and
TiNS around the imprints. This implies a poor interfacial adhesion in
which the main difference with the TiTiN+I samples is the implanta-
tion process, from where it can be inferred that the energy delivery by
the ions in the first atomic layers could generate a graded interface be-
tween the substrate and the film, as other authors pointed out [7].

3.3. Wear and friction behavior

The results obtained from the pin-on-disk tests are shown in Fig. 9.
The friction coefficients (CoF) registered along the total sliding distance
are very irregular, even in the stationary stage. TiN unfiltered cathodic
arc coatings generally do not improve the coefficient of friction, because
macroparticles detach from the surface and can become trapped into the
track acting as a third body and contributing to the formation of asperi-
ties or debris [35,36]. However, in the case of the TiNS

group, the mean stationary value of CoF is slightly lower than for
the other two cases. This could be due to the smaller value of rough-
ness and lower number of macroparticles. It is important to state that
in all cases the ball was in contact with the coating during the whole
test, since the wear track depth did not exceeded the film thickness, as
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it was confirmed in the track profile measurement and SEM observation
of the wear scars.

The volume losses for the samples of each condition are presented in
the graph of Fig. 9(b), where the bars represent the mean value obtained
from ten tests. It can be seen that all the coatings considerably improved
the wear resistance compared to the nitrided sample, whose lost volume
was already less than thirty times the lost volume of the bare steel. It
was observed that the lost volume of the TiNS samples was lower than
the lost volume of the TiTiN+I and TiTiN samples. In Fig. 9(c) lost vol-
umes and H3/E2 ratios were plotted together in order to compare the
behavior of both magnitudes more easily. The highest H/E and H3/E2

ratios of the TiNS coating indicate a higher elasticity and a higher resis-
tance to plastic deformation, which contributed to a lower lost volume
[37].

Representative SEM micrographs of pin-on-disk wear scars for each
condition are presented in Fig. 10. Both the TiTiN+I and TiTiN bilayer
samples showed only abrasion as the predominant mechanism, without
any spallation. Nevertheless, in the TiNS monolayer spalling occurred
and the substrate was visible, as it can be observed in Fig. 10(c). Since
the characteristic dimensions of the holes are greater than 150µm, the
wear can be classified as severe. This result implies that if this type of
damage occurs in a machine component, the machine must be taken out
of service [38]. Some asperities and small wear debris formed during
sliding can be observed in the worn tracks (Fig. 10(a)), their presence
could contribute to an abrasion effect on wear [39–41]. The fact that
the lost volume, the depth and the width of the tracks for TiTiN+I and
TiTiN samples were slightly higher than for the TiNS ones agrees with
the lower value of H3/E2 found for the bilayer coatings, which corre-
sponds to a lower elasticity. Although some authors have associated a
higher H3/E2 ratio with a higher resistance to cracking and therefore
a high fracture toughness [37], Beake et al. figured out that this can
be detrimental at high dynamic contacts [42]. They assessed that under
highly loaded mechanical contact, effective durability and damage tol-
erance require resistance both to formation and propagation of cracks.
Lower H/E and H3/E2 ratios imply a higher plasticity of the film allow-
ing dissipative mechanisms to occur, such as plastic deformation, which
helps to relieve the accumulated strain in the dynamic contact. Further-
more, it is well known that compressive residual stresses improve the
tribological behavior, but high compressive stress may result in cohe-
sion failures when the coating includes pores or pinholes, as the TiNS
does in this case [38].

3.4. Corrosion

Fig. 11 shows typical images of the sample surfaces after the salt
spray fog test. The TiTiN+I sample (Fig. 11(a)) did not present any
corrosion signal in all the tests, neither pit, nor general corrosion, show-
ing excellent corrosion resistance like the blank sample (Fig. 11(e)). It
worth noting that the other coatings were slightly affected after the test,
only a small delamination zone was registered on the TiTiN sample (Fig.
11(b)) and on the TiNS (Fig. 11(c)). The nitrided sample (Fig. 11(d)) ex-
hibited an annular corrosion zone, indicating that this condition is not
recommended for a saline environment.

Fig. 12 presents the polarization curves and it is evident that the bi-
layer coatings turned out to be much better corrosion resistant than the
TiNS. The nitrided and the untreated samples present higher corrosion
potentials and lower current densities for the same potential. Besides,
the corrosion potential was positive only for TiTiN+I sample. The cor-
rosion potential (Ecorr), the current density value at 300mV (J300mV) and
the breakdown potential (Ebk) for all the samples are listed in Table 4.

Although all samples presented a passive behavior, the zone of pas-
sive currents occurs at a different order of magnitudes of current den-
sities and the amplitude of this zone is diffuse. It can be noted that ni-
triding slightly impairs the response to corrosion. It is remarkable that

for the TiTiN+I and the TiTiN samples the breakdown potentials were
much higher than for the TiNS samples and even comparing with the ni-
trided and the blank ones, as it can be seen in the curves of Fig. 12 and
from the data in Table 4. This fact indicates a more extensive passive
zone for bilayer coatings. The failure of the TiNS coatings in the corro-
sion protection could be caused by the structure defects, which probably
contribute to generate channels (see Fig. 3(c)), through which the cor-
rosive fluids reach the substrate. Meanwhile, in samples TiTiN+I and
TiTiN, not only was the appearance of channels between the columns
not detected, but the intermediate layer of Ti could have acted as a bar-
rier preventing microcavities [43]. Similar results, where Ti/TiN bilay-
ers presented better corrosion behavior than TiN coatings, have been
previously published [44–46].

The OM images of Fig. 13 were obtained on the tested zone after the
polarization test. In the TiTiN+I sample it was not possible to identify
any pit, probably due to the fact that they were the same size as the de-
pressions left by the detachment of some macroparticles, and the TiTiN
sample presented some small pits and only a big one, of about 400µm in
diameter. Meanwhile, in the TiNS sample not only several pits of 200µm
and 400µm were found, but also areas with film detachment, indicating
a severe corrosion attack. In this case, when the electrolyte reached the
substrate through some pit, crevice corrosion was promoted along the
interface, consequently causing film delamination [47].

The SEM micrographs of the EDS tested surfaces for each condition
are presented in Fig. 14, and the atomic percentages of more representa-
tive elements obtained from the analysis are listed in Table 5. The very
low percentage of Ti and the high percentage of iron found on the pits,
added to the change of color of the pit surface observed in Fig. 13, indi-
cated that TiTiN and TiNS films were almost completely removed during
the test and the substrate was exposed. Only the TiTiN+I film showed
good integrity because after the test no signs of corrosion products or
substrate components were detected.

4. Conclusions

• The bilayer TiTiN+I coatings presented the greatest refinement and
compactness in the columnar structure. High compressive residual
stresses were observed in all coatings, regardless of the deposition
conditions. The adhesion tests showed that the TiTiN+I coatings had
the best performance.

• The better performance of the TiNS monolayer in terms of lost vol-
ume can be attributed to a higher H3/E2 ratio associated with a higher
elasticity of the films. However, the bilayer samples, which had the
lowest H3/E2 values, had the advantage of withstanding greater plas-
tic deformation by preventing detachment and peeling of the coating.
The Ti interlayer would also have a positive effect in inhibiting crack
propagation.

• Regarding the corrosion experiments, bilayer coatings improved the
corrosion resistance, even in benchmarking against bare stainless
steel. Analyzing the tested surface, only in the case of TiTiN+I, no
signs of delamination were detected.

To sum up, TiTiN+I coatings obtained by PBII&D proved to be
more compact and well attached; and the good adhesion and structure
not only improved the wear behavior considerably, but also had a pos-
itive influence on the corrosion behavior. These results position the Ti/
TiN coatings deposited with PBII&D combined with previous nitriding
as a promising option to treat stainless steel components that must work
under conditions similar to those presented in this study.
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