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Austenitic stainless steels are the preferred materials for mechanical components in the food, oil and chemical
industries due to their good corrosion resistance but they often suffer severe wear due to their poor tribological
properties. Plasma surface engineering has been extended to stainless steel hardening, through themodification
of the surface with ion nitriding or the application of hard coatings.
In this work, AISI 316L samples were coatedwith titanium nitride bymeans of a cathodic arc (CA) and this tech-
niquewas combinedwith plasma immersion ion implantation, in a process called plasma based ion implantation
and deposition (PBII&D). The effect on corrosion resistance was analyzed, also considering ion nitriding as a
pre-treatment. Microstructure and composition were analyzed by means of glancing angle XRD, SIMS, SEM,
SEM-FIB and EDS. Localized corrosion resistance was analyzed in a cyclic potentiodynamic polarization experi-
ment in 3.5% NaCl solution, and the corroded surface was analyzed with AFM, SEM and EDS as well. It was
found that nitriding at 400 °C produces a thin nitrided layerwith good corrosion resistance. A duplex TiN coating
resulted in a further improvement of the corrosion resistance. Comparing cathodic arc and PBII&D coating tech-
niques, the last one gives the thickest film and also the best corrosion behavior with good adhesion.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

AISI 316L stainless steel is widely used in components of the oil and
gas, food and beverage and chemical industries, as well as a biomaterial
due to its outstanding corrosion resistance in aggressive environments.
On the other side, all austenitic stainless steels have poor tribological
properties, and components should often be replaced because of wear
degradation.

In recent years many surface treatments like nitriding and coat-
ings have been investigated with promising results, and many of
them are plasma assisted processes. For example, low temperature
nitriding can be successfully applied to stainless steel and corrosion
resistance is retained if nitride formation is avoided, and a pure “S”
phase is obtained, normally at process temperatures of 350–400 °C
[1–8]. However at this low temperature only a thin layer of 1–5 μm
can be attained with a hardness of between 1000–1500 HV. A higher
hardness can be reached applying a thin ceramic coating such as TiN.
Several techniques were reported for depositing TiN over steel, such
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as cathodic arc, magnetron sputtering or ion plating, and plasma CVD.
Wear resistance is improved because the coating has a high hardness
and a low friction coefficient [9–11]. Even better mechanical properties
can be obtained with a duplex process: for instance TiN on a nitrided
surface, which enhances the fracture resistance of a hard and brittle
coating on top of a ductile and soft substrate. However, adhesion of
hard coatings over steel or nitrided steels (duplex treatment) is still a
problem [12–14], and other interlayers or combined treatments are
being studied at the moment [15–18]. A bad adhesion can lead not
only to mechanical failure but also to crevice corrosion attack.

Cathodic arc (CA) processes are well known for the high deposition
rate and the possibility to provide coatings with a high hardness. When
deposition is combined with implantation, using a high pulse voltage
bias on the sample, intermixing can be achieved and the process is
known as Plasma based Ion Implantation & Deposition (PBII&D) [19–25].

In this work, samples coated by a standard CA process and by the
PBII&D process, with and without nitriding as pre-treatment, were
characterized. The effect of the various surface treatments on corro-
sion resistance was analyzed.

2. Experimental

Samples of 5 mm height were sliced from an AISI 316L stainless
steel rod of 24 mm in diameter. The surface to be nitrided or coated
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Fig. 1. GI XRD of (a) nitrided sample and (b) PBII&D TiN coated sample.
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was grinded and then polished with 1 μm diamond paste. The 316L
stainless steel sample without treatment was considered as ‘blank’.

The nitriding process was carried out in a DC pulsed plasma
sustained with a mean voltage of 450 V, 500 Hz, duty factor 35%.
The nitriding process was performed in a mixture of hydrogen and
23% nitrogen for 10 h and it was preceded by 2 h sputtering in Ar
and H2. During nitriding, the current density was kept at 0.1 mA/cm2

and the temperature at 400 °C.
The coatings were deposited by a cathodic arc in an experimental

device described elsewhere [22]. The standard CA TiN coating was
achieved by running the discharge between a titanium cathode and
the vacuum chamber acting as anode, with 130 A current. The sample
was placed 20 cm away from the cathode and it was immersed in a
nitrogen atmosphere with a continuous gas flux of 25 sccm and a
working pressure in the range of 2–4 × 102 Pa. It was exposed to
the arc during 2 min; the coatings were produced with two consec-
utive discharges. In the case of the PBII&D process, the same equip-
ment was used but the sample was biased with negative pulses of
8 kV peak voltage, 70 μs pulse duration and a repetition rate of
200 Hz.

In order to infer the energy delivered by the ions that impinged on
the surface during the coating process a calorimeter was placed on
the chamber axis at the same distance from the cathode surface
than the samples. The temperature change during the process was
measured with a calorimeter, and the energy transferred per unit
time by the impinged ions on the surface (Γ) was determined with
a procedure described in ref. [26]. The calorimeter was composed of
a thin Cu disk ~1 cm diameter and 0.1 cm thickness welded to the
sheath of an ungrounded J-type thermocouple. The temperature
change was measured by exposing the calorimeter to a 30 s dis-
charge. The evolution of the temperature has been also registered
for 30 min after the arc had been turned off, with the purpose of eval-
uating the heat loss of the measurement system. In the case of the dis-
charge conditions for PBII&D, the pulse bias generator was connected
to the thermocouple sheath.

After both processes, samples were transversally cut and included
in resin and they were metallographically polished with 0.05 μm dia-
mond paste. The structure of the nitrided layer was revealed using
Marble reagent. The thickness and microstructure of the nitrided
layer and the coating were analyzed by means of optical microscopy
(Olympus PMG3), SEM equipped with Focus Ion Beam (FIB-SEM
dual beam FEI Helios nanolab 600, 5 kV) and glancing angle XRD, at
2° incidence using Kα Cu radiation. Depth profiling of the samples
was performed using secondary ion mass spectroscopy (SIMS) in a
time-of-flight setup with 15 keV69Ga + primary ions for a scanned
area of 50 × 50 μm2. Sputtering for depth profiling was performed
with 2 keV oxygen ions. The secondary ion beam was scanned across
300 × 300 μm2 to avoid crater edge effects.

Electrochemical experiments were conducted at room tempera-
ture and atmospheric pressure in a three-electrode cell. A saturated
calomel electrode (SCE) was employed as the reference electrode
and a platinum spiral wire as the counter electrode. So as to avoid al-
tering ground surface, the samples were pressed against the bottom
of the cell and sealed using an O-ring.

Corrosion resistance was evaluated by means of cyclic potentio-
dynamic polarization using a potentiostat VoltaLab PGZ 402. The po-
tential was scanned at a sweep rate of 1 mV/s between the open
circuit potential and E200, the sweep reversal potential. This potential
is arbitrarily chosen to attain a current density of 200 μA/cm2 [27,28].

After the corrosion experiments, the surface morphology of the
samples was examined using AFM (contact mode atomic force
microscopy using an Agilent 5500 microscope), optical microscope
and SEM (JEOL JSM-6460LV scanning electron microscope). Energy
dispersive X-ray spectroscopy (EDS) analysis under SEM was
employed to estimate the surface composition of different regions
of the samples.
3. Results and discussion

3.1. Surface and coating structure and composition

After etching with Marble reactant, the nitrided samples showed a
uniform “white layer” of 6–7 micron width. It is well known that for
stainless steel this layer is a nitrogen expanded austenite phase free
of nitride precipitates, called “S phase” or γN [2–5].

The X ray diffraction pattern shows the γN peaks shifted to lower
angles and the γ peaks which come from the base material (Fig. 1a).
In the coated sample (Fig. 1b), three characteristic TiN peaks are
clearly observed at 2θ = 42.6°, 36.7° and 61.8°. The alpha peak
comes possibly from a shallow martensitic structure formed during
grinding and polishing before the coating. No evidence of nitride pre-
cipitation was found in the XRD spectra.

The TiN coatings over a nitrided sample are shown in Fig. 2, in a
cross section after ion beam milling with the SEM equipped with
FIB. The measured coating thicknesses were 280 nm for the CA coat-
ing in Fig. 2a and 510 nm for the PBDII&D coating (Fig. 2b). In both
films a nodular surface topography structure can be observed, and a
dense structure with columnar grains of less than 100 nm in width
is also revealed in Fig. 2. The TiN films were deposited with two sub-
sequent discharges, and a bilayer could be observed in both cases, CA
and PBII&D coatings, indicating that the implantation did not change
this structure.

In Fig. 3, SIMS profiles of the TiN coated samples with CA and
PBII&D are shown. Assuming the film depth as the distance where



Fig. 2. SEM-FIBmicrograph, scale corrected according 52° tilt: a) CA coating and b) PBII&D
coating.

Fig. 3. SIMS composition depth profile of: a) sample coated with CA TiN and b) sample
coated with PBII&D TiN.
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the Ti signal falls down, in the CA coating the film thickness is be-
tween 250 and 280 nm, and about 400 nm in the TiN film deposited
by PBII&D. In both cases hydrogen within the film is a contamination
from the coating process and the O signal is a consequence of the ox-
ygen sputtering. The region with enhanced Ti and N count rate inside
the substrate can be defined as interface, specifically the region be-
tween 80% and 20% of the Ti signal, considering the maximum value
as 100%. The interface is 50% thicker in the case of the PBII&D due
to ion implantation. The implantation process not only makes possi-
ble an intermixing in the surface layer but also changes the diffusion
profile, mainly because of the thermal energy delivered by the im-
pinging ions [19].

The SIMS analysis of the duplex PBII&D – implantation and depo-
sition over nitride samples – is presented in Fig. 4. It can be observed
that the composition of the film is similar to the ones on the previ-
ous non-nitrided and coated samples (Fig. 3). The film of the duplex
PBII&D is as thick as the PBII&D coating on non-nitrided 316L but the
interface is thicker. In Fig. 4b, the nitride layer, resulting from the ni-
triding process, can be observed underneath the TiN coating. As the
ionization rate for nitrogen is quite low, the nitrogen content has to
be obtained from comparisons with calibrated standards, yielding
about 50 at.% within the TiN and 30–35 at.% near the surface of the
nitrided steel.
The increase of the growth rate of TiN films when a high voltage
bias pulse was applied has been also reported with other PBII&D de-
vices [20,24,29]. This behavior can be attributed to an increase of
the adatom sticking promoted by the energy delivered to the surface
through the accelerated ions impinging, even though the sputtering
rate is also increased with the bias.

The temperature variations registered after a 30 s discharge were
~270 °C without bias and ~650 °C when the pulsed bias was applied.
Considering the heat loss of the calorimeter system, the Γ found
values were ~2.0 J/s and 5.4 J/s, respectively. Some calculation and
modeling of the energy released in these processes and the sputtering
rates are presented in the following paragraphs, in order to explain
the difference in thickness in the coatings with and without implanta-
tion, CA and PBII&D.

Γ can be related to plasma parameters as follows [26]:

Γ ¼ 2=mið Þ1=2niz
3=2Ei�3=2A ð1Þ

where ni is the ion density, mi the ion mass, Ei*is the kinetic energy
per unit charge of the ions arriving to the Cu disk, z is the average
ion charge and A the calorimeter area. While bias is off, ions arrive
to the surface with the same kinetic energy with which they were
ejected from the cathode region (Ei0), because energy losses by colli-
sions with neutral particles are negligible at the working pressure.
Considering typical values reported for titanium vacuum arcs,
without bias Ei* = Ei0 = 40 eV and z = 1.8 [30], and from the Γ
value experimentally determined without bias, ni was estimated
as ~1 × 1017 m−3. When bias is on, ions are accelerated by the voltage
pulse of amplitude −V0. In the time scale that takes the transient
plasma sheath to evolve towards a steady-state (τ), the energy
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Fig. 5. Cyclic polarization curves of nitrided 316L steel, with and without TiN coating.

Fig. 4. SIMS of the sample nitrided and coated with TiN by PBII&D; a) near surface profile
and b) the whole depth profile.
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acquired by the accelerated ions per unit charge is ~eV0. The time τ
corresponding to the establishment of a steady-state Child law sheath
is [31]

τ∼
ffiffiffiffiffiffiffiffi
2
�
9

q� �
ω−1

pi
2zV

.
Te

� �3=4 ð2Þ

being ωpi the ion plasma frequency and Te the electron temperature.
Thus, the average kinetic energy delivered by the ions can be approxi-
mated as

E�i ¼ ieV0τ=T þ Ei0 l−τ=Tð Þ ð3Þ

where T is the pulse duration. Typical Te values reported for titanium
vacuum arcs are in the range of 1–5 eV, taking an intermediate value
for Te and the ni value determined above, τ results ~ 2 μs. Replacing
in Eq. (1) the value of Ei* derived from Eq. (3) with the parameters of
the experiment (V0 = 8 kV, T = 5 × 10−3 s) and τ = 2 μ s, Γ can
be calculated and the value agrees with the measured one with the
calorimeter for the PBII&D process, which validates this experimental
determination of the energy released by the ions in the process with
pulsed bias.

A rough estimation of the temperature achieved on the substrate
surface due to the exposure of the sample to the discharge can be
obtained solving the heat conduction equation for semi-infinite, one
dimensional solid with a uniform heat flux determined from Γ [31].
For a 2 min discharge the surface temperature was estimated in the
order of 50 °C without bias and of 150 º C with the pulse bias applied.
This surface heating as a consequence of the energy delivered by the
ions can increase significantly the deposition rate, according to results
reported for TiN films deposited with a cathodic arc on steel [32]. Ad-
ditionally, the sputter yields of Ti and N atoms produced by Ti2+ inci-
dent ions on TiN have been obtained from the SRIM code [33]. The
total sputter yield values at 80 eV and at 16 keV are 0.15 and 2.9
atom/ion, respectively. Therefore, the sputtering can be neglected
while the pulse is off and must be considered when the pulse is on,
but only during the effective time of ion acceleration τ. The deposition
rate (η) is related to the ion particle flux arriving at the surface and
the sputtered atoms through

η ¼ ani 2 zEi0=mið Þ1=2 mTiN=rTiNð Þ 1–τ=Tð Þ−yni 2 z eV0=mið Þ1=2 mTiN=rTiNð Þτ=T
ð4Þ

where ρTiN and mTiN are the TiN bulk density and molecular mass,
respectively, a is the sticking coefficient and y the total sputter yield.
From the experimental results, η was calculated approximately as
70 nm/min for the process without bias (CA coating) and 120 nm/min
for the PBII&D process, and then, the corresponding a values result in
0.03 and 0.08, respectively. Here is a factor 2 between without bias and
with bias but they are very low values, and it can be concluded that the
increase in the sticking coefficient can be only justified with the differ-
ence found in the surface temperatures.

3.2. Corrosion tests

3.2.1. Cyclic polarization curves of CA TiN coated, nitrided and duplex
samples

The effect of the nitrided layer as pre-treatment in the corrosion
behavior of a CA TiN coating was analyzed. From the polarization
curves (Fig. 5), it can be observed that the nitrided layer had better
corrosion behavior than the blank, having a far nobler reversal potential
and lower anodic currents.

The blank AISI 316L sample suffered pitting corrosion, as usual for
this steel in chloride media. On the contrary, in the nitrided steel, no
visible pits but a great amount of colored spots appeared on the test-
ed surface when observed with the optical microscope (Fig. 6a). The
same occurred in the CA TiN coated, showed in Fig. 6b. These spots
could not be detected by SEM observation, indicating that the corro-
sion attack was very shallow and there was no detectable change of
surface topography. AFM surface evaluation of a nitrided sample indi-
cated that these spots were in fact little pits with a mean depth of
0.5 μm and that they were surrounded by some corrosion products
with less than 100 nm thickness, as it can be observed in Fig. 6c.
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Fig. 6.Optical microscopy of themorphology of the attack. a) Nitrided sample, b) nitrided
and CA coated sample, c) 3D graph of one pit in the nitrided sample, from the topographic
view with AFM.

Fig. 7. Cyclic polarization curves nitrided and duplex treated 316L steel.
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It can also be demonstrated from the curves in Fig. 5 that the coat-
ing itself has little effect onto the blank material corrosion resistance.
The value of the maximum potential does not differ very much from
that of the blank sample. In this case, the attack was localized under
the o-ring in the form of crevice corrosion. The CA TiN film is very
hard compared with the 316L substrate and several initiation sites
for crevice corrosion may be created if the film is fractured, in the
place where the o-ring is pressed onto the substrate.

The major improvement on the localized corrosion resistance is
observed when the coating is deposited onto the nitrided layer.
The potential at which the current density reaches the value of
200 μA/cm2 (E200) is 600 mV nobler than the one corresponding to
the blank samples.

By microscopic examination of the CA coated sample it was ob-
served, that the film was detached around the attacked zone, showing
that the adhesion was not very good. On the contrary, in the case of
the duplex sample, no detachment was observed, indicating that the
nitrided layer is adequate as a pre-treatment for a TiN film, not only
providing a mechanical support but also giving a better corrosion re-
sistance than the blank material.
In order to determine the effect of corrosion on the coating com-
position, the samples were analyzed by means of SEM and EDS, com-
paring the zones affected by the corrosion test and the non-corroded
one. Out of the corroded zone, the presence of nitrogen and titanium
was detected by EDS and also the signals of the substrate composi-
tion. After the polarization test the EDS analysis of the corroded
zone showed that the coating kept its composition without any
detectable change (within the limits of this technique).

3.2.2. Analysis of CA and PBII&D TiN coating, with nitriding as
pre-treatment

The effect of ion implantation in the localized corrosion resistance is
shown in Fig. 7. For comparison, the PBII&D duplex treatment is shown
together with the CA duplex treated sample and the nitrided sample.

It is observed that both duplex processes provide a beneficial ef-
fect on corrosion resistance, since E200 potentials are higher than
those of the nitrided sample without coating. This indicates a higher
resistance to film breakdown and to localized corrosion attack. Be-
sides anodic currents are lower, so the dissolution rate is diminished.

It can be observed that the coating with implantation (PBII&D)
leads to the best corrosion resistance. Although E200 is 70 mV lower
than in the CA coated, the current density values were between 2
and 3 times lower for the same voltage value almost throughout the
whole test. The very good corrosion behavior is mainly attributed to
the higher thickness of the PBII&D coating, the wider interlayer and
its structure, where the intermixing created by implantation (Fig. 4)
seemed to produce a more protective thin film.

The corroded surface of the PBII&D duplex samples was observed
with SEM (Fig. 8a) and optical microscope (Fig. 8b). The same little
spots surrounded by colored zones which were observed by optical
microscopy in the nitrided samples (Fig. 6) were formed here, indi-
cating that once the film was detached, the corrosion process was
the same. Besides, no pitting or crevice attack could be detected.
EDS spectra were similar in the corroded and non-corroded zones
but some detachment of the coating was observed in certain zones.

As a summary of the corrosion tests, when corrosion was enhanced
by a high anodic potential, both coatings failed because of film delami-
nation, and some shallow pits were produced. Nevertheless, the combi-
nation of nitriding and the PBII&D coating demonstrated to be the best
systembecause current density valueswere the smallest. This improve-
ment could be related to a better coverage of the surface (less surface
exposure or/and less defective film) enhanced by the intermixing
implantation. Considering that PVD films are hardly free of defects,
the duplex structure obtained with this coating technique on top of a
corrosion resistant nitrided layer could be a good alternative for the
operation in aggressive environments.
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Fig. 8. Duplex PBII&D sample: a) SEM observation of the border of the tested zone and
b) optical micrograph of the same zone.
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4. Conclusions

Four surface treatments were investigated: (i) CA TiN coating over
non-nitrided and (ii) CA TiN coating over nitrided steel, (iii) PBII&D coat-
ing over nonnitrided steel and (iv) PBII&D coating over nitrided steel.

The first case – the CA TiN coating on non-treated steel (i) –

resulted in no appreciable enhancement in the resistance to localized
corrosion. On the other hand, the addition of a previous nitriding
treatment (ii) improved the corrosion behavior which was even fur-
ther enhanced in the case of the PBII&D treatments (iv). The plasma
based ion implantation and deposition (PBII&D) duplex treatment
had the best corrosion resistance of the four systems investigated in
a 3.5% NaCl solution, far better than that of AISI 316L itself.

This good behavior could be attributed to the presence of a suit-
able mechanic interlayer on top of the soft base material, consisting
of a 6–7 μm nitrided layer (“S-phase”), obtained at low temperature
and low nitrogen content (390 °C, 23 at.% nitrogen). This nitriding
pre-treatment proved to be resistant to localized corrosion, while
the deposition of the TiN film with ion implantation yielded a com-
pact film, and also produced an intermixing between the coating
and the nitrided layer which resulted in a better coating adhesion
and hence a higher protection against localized corrosion under the
conditions tested.

The higher deposition rates of TiN coatings obtained by PBII&D re-
spect to that deposited by CA can be associated to the increase of the
surface temperature promoted by the energy delivered to the surface
through the accelerated ions impinging. This effect would produce an
increase of the adatom sticking enough not only to compensate the
sputtering rate but also to duplicate the deposition rate. In the future,
the influence of some coating parameters, such as ion flux, tempera-
ture and nitrogen flow, should be analyzed to study their influence
in mechanical properties (adhesion, load bearing capacity) which
could lead to an even better corrosion resistance.
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