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Abstract: Low-temperature nitriding of austenitic stainless steels produces modified surface layers,
consisting mainly of the S phase, which improve surface hardness and corrosion resistance. Because
of the localized plastic deformations, owing to modified layer formation, and ion bombardment
occurring during the process itself, this treatment produces also modifications of surface
morphology and roughness, which can affect wettability and corrosion behavior. In this study the
effects of plasma nitriding, performed using different treatment conditions, on the surface
morphology and roughness, and thus on wettability and corrosion resistance, of AISI 202 specimens
with different initial finishings (2D and polished finishing) were investigated. Different probe
liquids, having both high (bi-distilled water and solution of 3.5% NaCl) and low (ethanol and
rapeseed oil) surface tension, were employed for assessing the wetting behavior with the sessile
drop method. The contact angle values for water increased markedly when nitriding was performed
on polished samples, while this increase was smaller for 2D samples, and on selected specimens a
hydrophobic behavior was observed. Very low contact angle values were registered using low
surface tension liquids, suggesting an oleophilic behavior. Corrosion resistance in a 5% NaCl
solution was assessed, and it depended on the characteristics of the nitrided specimens.

Keywords: low-temperature nitriding; glow-discharge process; austenitic stainless steels; AISI 202;
S phase; wettability; Cassie-Baxter model; Wenzel model; corrosion

1. Introduction

Modification of surface topography is one of the main aims of surface engineering. By producing
aperiodic or periodic patterns at the micro and/or nano scale, surface roughness changes, and thus
may influence wetting behavior of liquids [1-11], lubrication [12-14], friction and wear [15,16], cell
adhesion and biocompatibility [17-19].

Surface modification of austenitic stainless steels has been produced by different techniques.
Pickling of the surface allows to obtain a fairly high roughness, which promotes lubricant retention
[20]. Change from a hydrophilic behavior, typical of a stainless steel surface with a smooth finishing,
to a hydrophobic behavior, resulting from a rough surface at the micro/nano scale, has been obtained
by chemical treatments [21-23], electrochemical treatments [24,25], femtosecond laser treatments
[26,27], and low-energy laser shock peening [28]. The increase of surface roughness has drawbacks:
in chloride-ion containing solutions the corrosion resistance tends to decrease as the surface
roughness increases [29,30], so that for applications which require very high corrosion resistance, as
for stents and implants, a smooth surface, obtained with electrochemical polishing, is preferred
[31,32].
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Low-temperature nitriding of austenitic stainless steels has been recognized to be a useful tool
for increasing surface hardness, wear, and corrosion resistance [33,34]. Unlike traditional nitriding
treatments, which are usually performed in the range 495-565 °C and cause the formation of large
amounts of chromium nitrides, so that corrosion performances are negatively affected [20,34], low-
temperature nitriding is carried out at temperatures lower than 450 °C. At these temperatures,
chromium diffusion is very slow, so that the precipitation of chromium nitrides is hindered and a
metastable phase is able to form. This phase, usually named the S phase [33-35] or expanded
austenite [33,36], solubilizes the nitrogen amount up to about 38 at. % [37], well beyond the solubility
limit. As a consequence, the face-centered cubic (f.c.c.) lattice structure of austenite expands and
distorts, with the occurrence of stacking faults and very high compressive stresses [34,36,38].
Hardness values up to about 1500 HV were reported [34], and an improved corrosion resistance in
chloride-ion containing solutions, resulting from the beneficial effect of solubilized nitrogen, was
registered [34,39,40]. The attractive properties of this phase stimulated hundreds of studies regarding
the characteristics of the modified layers of low-temperature nitrided austenitic stainless steels and
their effects on surface hardness, tribological and fatigue properties, and corrosion resistance [34].
However, the formation of the S phase has additional effects, besides the beneficial increase of surface
hardness and corrosion resistance. In fact, because of the local plastic deformations occurring during
the formation of the modified layers, also changes of surface topography and roughness were
observed [39]. These changes are able to influence the wetting behavior of liquids, but in the
international literature this this topic, which should be particularly interesting for extending the
possible uses of components subjected to this treatment type, has been neglected, and the studies
about the wetting behavior of low-temperature nitrided austenitic stainless steels are few, regarding
mainly water wettability [41-48]. The obtained results were not univocal, and the contact angle of
water drops on nitrided specimens was reported to decrease [42—44,46,47] or increase [41,45,47,48],
in comparison with that for untreated samples. The changes of wetting behavior were investigated
mainly for biocompatibility applications on samples having a smooth surface finishing before the
treatments [42—44,46,47]. The studies on the effects of nitriding parameters on surface modification
and thus on changes of wettability are few [41,42,44,48], and for the most part [41,42,44] they also do
not report the influence of the treatments on the corrosion resistance, which remains of paramount
importance for these sample types. A lack of information exists also on the influence of the initial
surface finishing of the specimens and on the wetting behavior of the modified surfaces by different
liquids.

The present study had the aim to investigate how different nitriding conditions were able to
modify the surface morphology of samples with different initial surface finishing, and the consequent
effects on the wetting by different liquids and on the corrosion resistance, which can be affected by
the changes in surface roughness.

It has to be pointed out that, in general, the surface topography and roughness of nitrided
austenitic stainless steels depend on three factors: the initial surface finishing of the specimens, the
plastic deformations due to the formation of the modified layers, which depend on treatment
parameters, and the eventual plasma etching and sputtering, which occur due to ion bombardment
in plasma-based processes and also depend on treatment parameters. In order to study the effects of
these factors on both the wetting behavior by different liquids and the corrosion resistance of the
nitrided specimens, in the present research samples of AISI 202 austenitic stainless steel with two
different surface finishings, a rougher 2D state and a smoother polished state, were treated with
different nitriding treatments using the glow-discharge process. The low nickel CrMn grade AISI 202
stainless steel was chosen since this alloy, which usually has a lower corrosion resistance in
comparison with NiCr AISI 300 series steels, has shown an improvement of corrosion resistance in
chloride-ion containing solutions when subjected to low-temperature nitriding [40,49]. Treatment
conditions employed in the present study were chosen on the basis of our previous research
[41,49,50]. A set of samples was subjected to a low-pressure process, similar to cathodic sputtering,
so that surface activation, heating, and nitrogen incorporation could occur in a single step with a
duration of about 8 min [48], in order to limit both plastic deformations due to the formation of the
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S-phase layer and the phenomena related to use a plasma process. Nitriding treatments were
performed using two different pressures, a high one (1000 Pa), in order to have a less energetic ion
bombardment, and a low one (130 Pa), in order to have also an enhanced ion bombardment. Surface
morphology, roughness, and phase composition of the untreated and treated samples were
evaluated. Wetting behavior was tested by means of the sessile drop method using probe liquids
having different surface tensions, bi-distilled water, a solution of 3.5% NaCl, ethanol, and rapeseed
oil. Corrosion behavior of untreated and treated samples in 5% NaCl solution was assessed using
electrochemical impedance spectroscopy analysis and potentiodynamic tests.

2. Materials and Methods

The used AISI 202 austenitic stainless steel had the following chemical composition (in wt.%):
0.065 C, 17.0 Cr, 4.1 Ni, 7.7 Mn, 0.40 Si, 0.15 N. According to X-ray diffraction analysis, austenite and
a small amount of ferrite, a-Fe (b.c.c.), were present in the steel.

Prismatic samples (40 mm x 17 mm x 0.7 mm) of AISI 202 were cut from cold-rolled, annealed,
and pickled plates. The surface finishing was classified as 2D (EN 10088-2:2005 norm [51]). A set of
samples, hereafter named 2D, was not ground and polished further. Another set of samples, hereafter
named polished, was ground and polished up to a 6 um diamond suspension.

Treatments were performed with laboratory plasma equipment according to the procedures that
were described in previous papers [48,49]. For all the treatment types, the used gas mixture was 80
vol. % N2 + 20 vol. % Hz, and the following three different treatment conditions were chosen. Low-
pressure treatment, similar to cathodic sputtering, named Type A, was carried out at 130 Pa fixing
the discharge current density and increasing it with two constant steps, while the voltage drop and
the treatment temperature increased freely, as previously reported [48]. At the beginning, the current
density was fixed at 2.2 + 0.1 mA-cm?; when the measured temperature was 140 °C, current density
was increased and fixed at 2.6 + 0.1 mA-cm2. With these conditions the voltage drop between the
electrodes was allowed to increase from 245 + 5 V (corresponding to room temperature, 23 °C) up to
595 + 5 V (corresponding to a measured bulk temperature of 330 °C); then the power supply was
turned off, the treatment chamber was evacuated, and the samples were allowed to cool down to
room temperature under vacuum. The treatment duration was 8 min. A type of nitriding treatment,
named Type B, was performed at first with a pre-treatment with Type A conditions, as described
above, then increasing pressure and adjusting discharge current, in order to carry out nitriding at 380 °C,
1000 Pa, for 5 h. During nitriding, the current density was 1.8 £ 0.1 mA cm and the voltage drop was
158 + 10 V. Another type of nitriding treatment, named Type C, was performed at first with a pre-
treatment with Type A conditions, as described above, then adjusting the discharge current, in order
to carry out nitriding at 380 °C, 130 Pa, for 5 h. During nitriding, the current density was 0.8 + 0.1 mA
cm? and the voltage drop was 221 +10 V. Type C treatment was performed only on polished samples,
since with these treatment conditions sensible amounts of nitrides could be formed on 2D samples
[41,49,50].

The surface morphology and microstructure of untreated and nitrided samples were examined
using light and scanning electron (SEM; EVO MA 15, Carl Zeiss Microscopy GmbH, Jena, Germany)
microscopy and energy-dispersive X-ray spectroscopy (EDS; INCA 250, Oxford Instruments
NanoAnalysis, High Wycombe, UK). Cross-section microstructures were analyzed by means of
metallographic techniques (chemical etchant: acetic glyceregia (3 mL HCI, 2 mL HNOs, 2 mL acetic
acid, 1 drop of glycerol)).

Phases were identified by means of X-ray diffraction analysis (Cu Ka radiation) in Bragg-
Brentano configuration (D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany).

Surface roughness was evaluated with a stylus profilometer. A 2 pm radius stylus with a 1 mN
contact force was used; the cut-off length was 0.25 mm. The average surface roughness R., the mean
height of profile elements Rc, and the maximum height of profile R. were recorded. On each sample
ten measurements were performed at different locations.

Wettability of treated and untreated samples by different test liquids was assessed measuring
the apparent static contact angle according to the sessile drop method. Test liquids with different
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surface tension values, y., were used: bi-distilled water (y. = 72.8 mN m™ [52]), a solution of 3.5%
NaCl in bi-distilled water (y. =73.4 mN m™ [53]), ethanol (y. = 22.3 mN m™ [52]), and rapeseed oil (y.
=33.8 mN m™ [54]) were used; drops of 0.5 or 3 pL were employed. Before the measurement, the
samples were sonicated in acetone and they were allowed to freely dry in air. All the measurements
were taken under ambient laboratory conditions. For each sample the contact angle was measured at
least 10 times across the sample surface, and the average value + standard deviation was calculated.

Corrosion behavior was studied in 5% NaCl solution in naturally aerated conditions at room
temperature using a three-electrode flat cell, equipped with an Ag/AgCl reference electrode (3.5 M
KCl) and a platinum grid as counterelectrode; the sample surface area exposed to the electrolyte was
1 cm?. All the tests were carried out after an 18 h delay. At least three electrochemical tests for each
sample type were performed for assessing the result.

Electrochemical impedance spectroscopy (EIS) measurements were performed at open circuit
potential (OCP), in a frequency range of 10 kHz-12 mHz, with 10 points per decade and an ac
amplitude (peak-to-peak) of 5 mV.

Potentiodynamic polarization tests were carried out using a potential scan rate of 0.3 mV s.

3. Results

3.1. Morphology, Microstructure, and Roughness

The surface morphology of the untreated samples, as supplied with a 2D finishing and after the
polishing procedure, is shown in Figure 1. The 2D samples had a dull appearance. Deep grooves,
resulting from the pickling procedure, delineated the grain structure, while inside the grains the
surface was rough and many pores were present. The surface of polished samples was fairly smooth,
with shallow grooves resulting from grinding and polishing. As reported in Table 1, roughness
parameters Rs, Rc and R: were fairly high for 2D samples, while they were nearly 30 times smaller for
the polished samples.

Table 1. Roughness parameters Ra, Rc and R for samples untreated and treated as indicated.

Sample Type Ra (pm) Rc (pm) Rz (um)
2D —untreated 0.22+£0.02 0.81+0.10 1.31+0.17
2D—Type A treated 0.23 £0.03 0.89+0.16 1.49 +£0.30
2D —Type B treated 0.33+0.01 1.22+0.07 1.99+0.15

Polished —untreated 0.007 +£0.001 0.029 £0.006 0.045 £ 0.008
Polished —Type A treated 0.011£0.002  0.06 £0.01 0.09 £0.02
Polished —Type B treated  0.020 £0.003  0.13 £0.04 0.20 +0.04
Polished —Type C treated 0.073 +0.006  0.39 +0.12 0.57 £0.08

The surface morphology of 2D samples subjected to Type A and B treatments is depicted in
Figure 2. The well delineated grain structure produced by pickling was still observable, and inside
the grains the hollows and nanopores were enhanced, as shown in Figure 3, so that an increase of
surface roughness was observed.

10 1tm

10 um

Figure 1. Surface morphology of untreated samples: (a) 2D finishing; (b) polished finishing.
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Figure 2. Surface morphology of 2D finished samples treated as indicated: (a) Type A; (b) Type B.

Figure 3. Detail of the surface morphology of a 2D finished sample treated with the Type A conditions.

The surface morphology of polished samples subjected to Type A, B, and C treatments is shown
in Figure 4. The sputtering due to ion bombardment caused an etching, which delineated the typical
austenitic microstructure with the characteristic twins, and acted selectively on the different grains
depending on their orientation. For Type A treated samples, a slight etching was obtained and
polishing grooves were still clearly observable (Figure 4a). Shear lines, resulting from plastic
deformations produced by modified layer formation, were present. When the nitriding step was also
performed, as for Type B and C samples, the etching effect was enhanced, and it depended on
treatment conditions. For the Type B treated samples, polishing grooves were still present, but the
grain boundaries were well delineated; shear lines were faintly observable inside the grains (Figure
4b). Sub-micrometric particles, unevenly distributed on the surface, could also be observed (Figure
5a). It may be supposed that these particles formed due to sputtering and subsequent deposition on
the surface. EDS analysis showed that the alloy element (Cr, Mn, Ni) content of these particles was
comparable to that of the matrix. In Type C treated samples, etching was deeper, and the
characteristic features, resulting from the plastic deformations caused by the formation of the
modified layers, were present. Shear lines were well delineated inside the grains. At grain
boundaries, reliefs were present, and some grain boundaries leaned forward on adjacent grains
(Figures 4c and Figure 5b). Even if the etching was not uniform and grains were more or less etched,
particles similar to those of Type B treated samples were not observed (Figure 5b). For all sample
types, surface roughness significantly increased in comparison with that of untreated specimens, and
this enhancement was higher as the etching effect was stronger, that is, for Type C treated samples.
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Figure 4. Surface morphology of polished samples treated as indicated: (a) Type A; (b) Type B; (c)
Type C.

Figure 5. Details of the surface morphology of polished samples treated as indicated: (a) Type B; (b)
Type C.

The cross-section microstructure of a polished sample, nitrided with the Type C treatment, is
shown as an example in Figure 6. X-ray diffraction patterns of untreated and treated samples are
depicted in Figures 7 and 8 for 2D and polished specimens, respectively. For all the sample types, the
modified surface layers consisted of an outer layer, in which the S phase was present, and an inner
layer, in which a solid solution of interstitial atoms (nitrogen and carbon) in austenite, y(N, C) (f.c.c.),
was detected. EDS analysis showed that the content of alloy elements (Cr, Ni, and Mn) for these layers
and the matrix were comparable. The peaks of the S phase shifted towards lower angles, in
comparison with those of austenite, y-Fe (f.c.c.). If an f.c.c. lattice is hypothesized also for the S phase,
for all the nitrided samples a decrease of the intensity of the (220) and (311) peaks, if compared to that
of the same y-Fe peaks, was observed. For samples treated with Type A conditions, the layers were
homogeneous and fairly thin, having a thickness, as a whole, of 1.3 + 0.1 pm for 2D samples and 1.8
+ 0.2 pm for polished ones. Because of this small thickness, in X-ray patterns the austenite substrate,
v-Fe, was well detectable. When nitriding was also performed, as for Type B and C samples, groups
of shear lines were present in the outer layer, extending from the surface into the layer itself. X-ray
diffraction analysis showed that a solid solution of nitrogen in hexagonal close-packed (h.c.p.)
martensite, e, was also detectable. For polished samples treated with Type B conditions, small peaks
ascribable to y'-MaN (M = Fe, Cr, Mn, Ni) nitride were also detected, as depicted in Figure 9, and they
are supposed to be related to the sub-micrometric particles observed at the surface. When Type B
treatment was carried out, the thickness of the modified layers of 2D samples was 4.9 + 0.4 um, and
it was slightly smaller than that of polished samples, 5.1 + 0.3 um, as observed for Type A treated
specimens. The polished samples treated with Type C conditions had the thickest modified layers,
7.8+ 0.5 um as a whole.

Figure 6. Cross-section microstructure of the modified layers of a polished sample treated with the
Type C conditions.
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Figure 7. X-ray diffraction patterns of 2D finished samples untreated and treated as indicated: (a)
untreated; (b) Type A; (c) Type B.
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Figure 8. X-ray diffraction patterns of polished samples untreated and treated as indicated: (a)
untreated; (b) Type A; (c) Type B; (d) Type C.
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Figure 9. X-ray diffraction pattern (details) of a polished sample treated with Type B conditions.

3.2. Wettability

The apparent contact angle (CA) values for untreated and treated samples, measured for 0.5 and
3 uL drop sizes of bi-distilled water or a solution with 3.5% NaCl, are reported in Table 2, while for
samples tested with 0.5 uL drop size of ethanol or rapeseed oil they are reported in Table 3. As an
example, the images of 0.5 pL drops of bi-distilled water and ethanol on different sample types are
depicted in Figures 10 and 11 for 2D samples and polished ones, respectively.

Table 2. Apparent contact angle values of 0.5 uL (CAos) and 3 uL (CAs) drops of bi-distilled water
and a solution with 3.5% NaCl for samples untreated and treated as indicated.

Sample Type Bi-Distilled Water 3.5% NaCl Solution
CAos (°) CAs (°) CAos (°) CAs (°)
2D —untreated 103 +2 96 +4 103 +2 94+3
2D—Type A treated 110+3 106 +4 108 +£2 102 +4
2D—Type B treated 1014 93+4 100 £3 95+3
Polished —untreated 72+2 65+3 67 £2 65+3
Polished —Type A treated 97 +3 87+3 93+1 88+4
Polished —Type B treated 84+2 77+2 812 78 +4
Polished —Type C treated 88+4 81+1 88+1 79+3

Table 3. Apparent contact angle values of 0.5 uL drops of ethanol and rapeseed oil for samples
untreated and treated as indicated.

Ethanol Rapeseed Oil

Sample Type CAos (°) CAos (°)
2D —untreated 13£2 37£2
2D —type A treated 16 +4 34+6
Polished —untreated 102 29+1
Polished —type A treated 111 30+1

For 2D specimens all the sample types were hydrophobic. When Type A treatment was
performed, a significant increase of CA was observed, while for Type B treated samples, CA was
comparable with that registered for untreated specimens. With 3 uL drops, CA values were smaller
than those obtained with 0.5 uL drops, and this effect was more pronounced for untreated and Type
B treated samples.
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Figure 10. Images of 0.5 pL drops deposited on the surface of 2D finished samples: (a) untreated, bi-
distilled water; (b) Type A, bi-distilled water; (c) Type B, bi-distilled water; (d) Type A, ethanol. The
black line has been drawn to separate the drop from its reflection.

103°

a 72° b 97° € 84° d 11°

o L & —

Figure 11. Images of 0.5 pL drops deposited on the surface of polished samples: (a) untreated, bi-
distilled water; (b) Type A, bi-distilled water; (c) Type B, bi-distilled water; (d) Type A, ethanol. The
black line has been drawn to separate the drop from its reflection.

The untreated polished samples showed a hydrophilic surface, even with fairly large CA. Type
A treatment caused a significant increase of CA, so that with 0.5 pL drops the samples were
hydrophobic. When the nitriding step was also performed (Type B and C conditions), an increase of
CA was observed, but the samples remained hydrophilic, with Type C treated specimens having the
higher CA values. As previously observed, CA values obtained with 0.5 uL drops were higher than
those measured using 3 uL drops.

When the aqueous solution with 3.5% NaCl was used, results comparable to those obtained with
bi-distilled water were registered.

Wettability of untreated and Type A treated samples was tested also with 0.5 uL drops of ethanol
or rapeseed oil. As reported in Table 3, for all the tested sample types CA values were fairly small,
suggesting an oleophilic behavior. It has to be pointed out that for 2D specimens subjected to Type
A nitriding conditions, standard deviations were fairly high, since measured apparent CA values
ranged from 11° to 22° for ethanol and from 25° to 42° for rapeseed oil.

3.3. Corrosion Behavior

Representative EIS spectra of untreated and treated specimens tested at the respective open
circuit potentials (OCPs) are depicted in Figure 12 in the form of Bode and Nyquist plots for 2D (a,b)
and polished (c,d) samples, respectively.
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Figure 12. Bode and Nyquist plots for 2D (a,b) and polished (c,d) samples untreated and treated as
indicated, recorded at the respective OCP values (solution: 5% NaCl, aerated). The insert in (d) depicts
Nyquist plot of a polished sample nitrided with the Type B conditions.

The Nyquist plots evidenced that, for both treatment types of 2D samples, larger semicircles
formed, suggesting that corrosion resistance of these specimen types was improved, in comparison
with the untreated samples.

When polished specimens are considered, different behaviors were observed for different
treatment types. Type A and C treatments produced an increase of impedance values in comparison
with those of untreated samples, so that the portions of the semicircle depicted in Nyquist plots
suggested a larger radius, and thus an improved corrosion resistance. On the other hand, Type B
samples had low impedance values, so that a reduced corrosion resistance might be expected.

Typical polarization curves of untreated and treated specimens are shown in Figure 13 for 2D
and polished samples.

10° | 10° |

— AlSI 202 - 2D P [ AISI 202 - polished |

5100} §10° |

< < |

210" | 210

%10'1 L T10" |

t T —e— Untreated

o 3 —e— Untreated o 3 —e—Type A

510° | —¢—Type A S510° [ —4—Type B

[ —4—Type B [&] i —u—Type C
£ I 1 1 L L 1 1 ' . 1 1 L I L L L L
-200 0 200 400 600 800 1000 -200 0 200_ 400 600 800 1000

a Potential Ag/AgCI (mV) b Potential Ag/AgCl (mV)

Figure 13. Polarization curves of samples untreated and treated as indicated: (a) 2D finishing; (b)
polished finishing (solution: 5% NaCl, aerated).

All the sample types showed a corrosion behavior that was typical of a passive material
subjected to localized corrosion phenomena beyond a threshold of potential values.

For both untreated samples, large anodic current densities were detected beyond pitting
potential, and severe pitting and crevices in correspondence with the Teflon gasket occurred. Lower
corrosion and pitting potential values were observed for the rougher 2D samples, when compared
with those of polished ones.

Regarding treated 2D samples, for Type A treatment the corrosion potential and the potential at
which anodic current density increased, suggesting the occurrence of local corrosion phenomena,
were significantly higher in comparison with those of the untreated specimens, and beyond + 200 mV
(Ag/AgCl) the anodic current density values were from 2 to 5 orders of magnitude smaller. After the
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test, a few shallow pits were observed on the surface of the samples, and a small colored region was
present in correspondence with part of the gasket. For Type B samples the increase of the corrosion
potential was smaller, and the anodic current values were larger than those observed in the passive
branch of untreated and Type A treated specimens. After the test, the surface of the samples showed
the presence of some shallow pits and colored regions.

For polished samples, Type A and B treated specimens had a similar behavior to the 2D ones,
but for Type B samples, coloring was present on the whole surface. Type C samples showed an
improved corrosion resistance, with high corrosion potential and anodic current values that were
smaller than 1 pA cm™ for all the tested potential values. After the test the surface was only slightly
discolored.

4. Discussion

Low-temperature nitriding treatments produced, on austenitic stainless steels, modifications
which involved both the surface morphology and the subsurface microstructure of samples, as
reported by many authors for both plasma [34,39,41,55,56] and gas [57,58] nitriding. The
modifications of surface morphology were well observable on polished specimens. As nitrogen was
retained in solid solution of austenite beyond the solubility limit and the S phase formed, the high
expansion of the f.c.c. lattice caused local plastic deformations, which could be observed as shear lines
at the surface and in the cross-section of the modified layers. Because of these plastic deformations,
swelling of the grains was produced, as reported also by Stinville et al. [59]. Moreover, the decrease
of the intensity for the diffraction peaks corresponding to (220) and (311) planes, observed for the S
phase hypothesizing an f.c.c. crystal lattice like that of the austenite parent phase, suggests that also
a rotation of the grains occurred. This phenomenon was observed also by Templier et al. [60] and
Stinville et al. [56], who reported that, when nitrided layer formed, the grains at the surface tended
to rotate and an evolution towards <001> or <111> orientation occurred, depending on the initial
orientation of the grains. As a consequence, in X-ray diffraction patterns the intensity of the peaks of
the S phase were affected, so that a marked decrease of the (220) peak was observed [60]. Localized
plastic deformations caused also the formation of h.c.p. martensite, en’, which is considered
analogous to strain-induced h.c.p. martensite, ¢, but with larger lattice parameters owing to nitrogen
solubilization [61]. It is hypothesized that this phase was able to form because of a faulting
mechanism [49,61], promoted by the fairly low stacking fault energy of austenitic stainless steels,
which was reduced further on by nitrogen solubilization [62,63]. A further surface modification of
the nitrided specimens was due to the use of a plasma-based treatment, as the one employed in the
present research, which caused a surface etching due to ion bombardment. As observed also by other
authors [64], grains with different orientations were more or less etched. Moreover, as previously
reported [41,65], etching depth depended on treatment conditions, and it tended to be higher as the
pressure was lower, as for Type C treatment, causing a significant increase of surface roughness. In
fact, reducing the treatment pressure caused an enhancement of ion and fast neutral energy, owing
to the increase of the mean free path and discharge voltage drop, so that the sputtering rate was
higher [66], etching due to ion bombardment was deeper, and nitriding was more efficient [41,65].
With a pressure of 130 Pa (Type C), the sputtered material was not redeposited on the surface of the
samples. Otherwise, when a higher pressure was employed, as in Type B treatment (1000 Pa), ion
bombardment was less energetic and plasma etching was lower, but the presence of sub-micrometric
particles on the surface suggests that the sputtered material was able to redeposit on the specimens,
probably in the form of y-MuN nitrides, according to X-ray diffraction analysis. Sputtered particles
were observed on AISI 316L samples ion-nitrided at 400 °C [67], and deposits, produced on AISI 304
austenitic stainless steel as a consequence of the sputtering occurring during plasma nitrocarburizing
treatments and consisting of y’-FesN, were reported by Rolinski [68]. When the treatments were
performed with the Type A conditions, the short duration allowed to produce only a slight plasma
etching and small local plastic deformations, so that the polishing grooves were still well observable.

The surface features present on polished samples were not clearly observed on nitrided 2D
specimens. Even if plastic deformations occurred owing to the formation of the S phase, as also



Coatings 2020, 10, 98 12 0f 18

reported in previous papers [49,63], and some grains tended to rotate, as evidenced by X-ray
diffraction analysis, the surface morphology was similar to that of the untreated alloy and shear lines
or clear swelling effect were not observable. It may be hypothesized that the rough finishing allowed
to partly accommodate the plastic deformations. Moreover, the peaks of the rough surface might
enhance the sputtering effect and hinder the redeposition of nitride particles also with a fairly high
treatment pressure, as that used for Type B treatment. The small increase of corrosion potential and
fairly large anodic current values of these sample types may suggest that some nitride particles were
still able to deposit on the surface, even if their presence was not registered by X-ray diffraction
analysis or microscopy observations.

The different effect of initial surface finishing influenced also the roughness values and the
modified layer thickness of the nitrided samples. In fact, even if the surface roughness of the 2D
samples was fairly high, the increase in Ra, Rc and R values of the nitrided specimens, compared to
those of the untreated ones, was lower than that observed for polished samples. For example,
referring to R. parameter, when Type B conditions were used, Ra values for polished samples
increased about 3 times, while for 2D specimens the increase was only about 1.4 times. The effect on
the modified layer thickness was smaller, with the 2D samples having slightly thinner nitrided layers,
in comparison with polished ones treated with the same conditions. Similar observations were made
also by Singh et al. [69], who reported higher roughness increase and thicker nitrided layers for
plasma-nitrided AISI 304 specimens when their initial surface finishing was mirror polished, in
comparison with a grinding procedure.

The surface morphology and roughness changes due to low-temperature nitriding treatments
influenced wettability. A drop of liquid on a real rough surface can adopt one of the following
configurations: a Wenzel state [70] or a Cassie-Baxter state [71]. For the Wenzel state, the drop has
complete contact with the surface, permeating the protrusions. The apparent CA, formed by the
liquid drop on the rough surface, Srougn, is related to the intrinsic CA, formed on an ideal flat surface,
Ylat, according to the following relation:

€08 Jrough = ¥ COSIHlat (1)

where the roughness factor, 7, is the ratio of the area of the real rough surface to the geometric area
projected on the horizontal plane. Since r is larger than 1, roughness amplifies both the wetting and
nonwetting behavior of the surface, so that hydrophilic surfaces (9.t < 90°) become more hydrophilic
(Brough < S1iat) and hydrophobic surfaces (Saat > 90°) become more hydrophobic (Srough > Stiat). For the
Cassie-Baxter state, the drop lies on a composite surface consisting of the top of the asperities of the
solid and air pockets trapped underneath the liquid. This situation can be described by the following
relation:

C0S3rough = ¢s (1 + COSSﬂat)—l (2)

where ¢s is the area fraction of the solid surface in contact with the liquid, and it is smaller than 1.
Thus, the apparent CA is larger than that formed on an ideal flat surface. For hydrophilic surfaces
the Cassie-Baxter state is metastable, and it is obtained when suitable surface features as
microtextures or overhanging structures prevent water from entering into the cavities [1,2].

In the present research, when bi-distilled water was used as probe liquid, the nitriding
treatments produced an increase of the apparent CA values in comparison with those of untreated
samples; thus, it may be hypothesized that drops were fakir drops in a Cassie-Baxter state, as
observed also in our previous research [41,48]. The comparison between the apparent CA values and
roughness values showed that the effect of surface morphology is complex. For both polished and
2D samples, the highest CA values, corresponding to a hydrophobic behavior, were measured for
Type A treatment, which did not produce the roughest surfaces. The effects of this treatment were
well observable on polished samples as a slight surface etching and small local plastic deformations,
but a similar effect might occur on 2D samples. It may be hypothesized that this slight change of
surface morphology and roughness is able to produce tiny air pockets, which effectively support the
drop. For nitrided polished samples, the treatments increased surface roughness, but they produced
different morphologies. For Type B treated samples, the surface was modified by a combination of
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surface etching, plastic deformations, and small sub-micrometric particles, while for type C nitrided
samples a strong etching due to ion bombardment and large plastic deformations occurred. It may
be supposed that both these treatment conditions were able only in part to produce air pockets able
to bear the drop, with the best results obtained with the roughest surface (i.e., using Type C
conditions). The rough surface of the 2D finishing caused a marked increase of the apparent CA, so
that for all the samples a hydrophobic behavior was registered. For Type A treated samples, the
largest apparent CA was observed. When Type B treatment was performed, CA values were
comparable with those of the untreated specimens, even if an increase of surface roughness was
registered. It may be hypothesized that the plastic deformations occurring during nitriding slightly
modified the surface and acted to reduce the air pockets. For all the sample types, when the drop size
was increased from 0.5 to 3 uL, smaller apparent CA values were measured, so that a partial
impalement of the fakir drops on the surface peaks may be hypothesized, owing to the higher
hydrostatic pressure. It has to be pointed out that these results are not in accordance with those
obtained by Lin et al. [42] and Buhagiar et al. [43], who observed a decrease of water CA values for
the nitrided specimens in comparison with those for the untreated alloy. It may be supposed that for
their test conditions, for which drop size was not specified, the drops were nearly in a Wenzel state.

When a 3.5% NaCl solution was used as probe liquid, the measured CA values were similar to
those obtained for bi-distilled water, as expected for liquids having comparable surface tension. For
probe liquids having a low surface tension, as ethanol and rapeseed oil, the apparent CA was very
small for both untreated and Type A treated samples, suggesting an oleophilic behavior. A similar
behavior was observed on hydrophobic and superhydrophobic surfaces, such as that of Nelumbo
nucifera, which was completely wet by drops of low surface tension liquids as hexadecane [6], and it
was obtained on metallic surfaces using different strategies [8]. It is interesting to note that the
apparent CA values of 2D samples treated with Type A conditions, even if they were comparable
with those of untreated specimens, had a larger standard deviation, since a large range of values was
registered. It may be hypothesized that it depended on local surface morphology, which tended to
promote a Wenzel state instead of a Cassie-Baxter state, in which the valleys were in part filled with
liquid.

Both surface finishing and nitriding treatments were able to influence corrosion behavior. As
expected, the untreated specimens had better corrosion resistance when they had a polished finishing
than with a rougher 2D finishing, since with a smoother surface the possible sites for pits are more
open, preventing the accumulation of Cl- and H*, so that metastable pits are less capable of
propagating, and a higher potential is required to cause a stable pitting [29]. The formation of
nitrogen-enriched modified surface layers, consisting mainly of the S phase, had a beneficial effect,
as previously reported [34,39,40,72]. Different theories were proposed to explain the protection
mechanism of nitrogen in austenitic stainless steels [33,40], and it was supposed that these
mechanisms are similar to those occurring for low-temperature nitrided austenitic stainless steels
[34,72,73]. In particular, nitrogen atoms, solubilized in the S phase and released in the early stages of
corrosion, may react with protons, H*, and form ammonium ions, NH4*, according to the reaction

[N] + 4H* +3e- — NHs#* 3)

so that an increase of pH occurs. Thus, a local neutralizing effect in acidic pits may happen when the
concentration of formed ammonium ions is sufficient, and pits are able to repassivate [72,73]. As long
as nitrogen is present in solid solution in the S phase, it can be released and cause a local alkalinization
and hinder stable pit formation, leading to an increase of corrosion potential and pitting potential
[72].

Type A treatment was able to significantly improve corrosion resistance, in comparison with the
untreated samples, even if the modified surface layers were fairly thin. For polished samples treated
with Type B conditions, EIS analysis suggested a poor corrosion resistance, which was not observed
with the potentiodynamic test. It may be hypothesized that the deposited y’-MsN particles produced
an inhomogeneous surface, which acted to reduce the impedance values of the specimens, as
registered by EIS analysis. During the potentiodynamic tests, these particles were fast oxidized,
causing the observed slighter increase of corrosion potential and larger anodic current values, and
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then the S phase present in the modified surface layers could hinder the corrosion phenomena. For
the samples with the 2D finishing treated with the same conditions, the redeposition of sputtered
particles was hindered; thus, higher impedance values than those of polished samples were
registered. In spite of their high roughness, polished samples treated with the Type C conditions
showed the highest corrosion resistance. It may be hypothesized that it was due to the nitrogen-rich
layers consisting of the S phase having an adequate thickness for counteracting corrosion
phenomena. It has to be noted that the increase of surface roughness due to the nitriding treatment
did not adversely affect the corrosion resistance, but that the occurrence of corrosion phenomena
depended on the thickness of the modified layers and the eventual formation of nitride precipitates.

5. Conclusions

Low-temperature plasma nitriding, carried out on AISI 202 austenitic stainless steel, produced
modified surface layers, consisting mainly of the S phase, and their formation affected surface
morphology and roughness of the samples. When the samples had a 2D finishing, the rough surface
was only slightly affected by the treatments, and a moderate increase of surface roughness was
observed. Otherwise, when the samples were polished before nitriding, both localized plastic
deformations, owing to the formation of the modified layers, and ion bombardment due to the
plasma treatments markedly changed the surface morphology, and a significant increase of surface
roughness was registered. With low-pressure treatments having a short duration (Type A), analogous
to cathodic sputtering, a slight etching of the surface was produced, and a low roughness increase
was observed. When nitriding was performed at 1000 Pa (Type B), etching was deeper, plastic
deformations were observable, and many sub-micrometric nitride particles, probably formed due to
sputtering and redeposition, were present on the surface. As a consequence, an increase of roughness
was registered. With nitriding at lower pressure (130 Pa) (Type C), plasma etching was enhanced,
and the effects of plastic deformations were well observable at the surface also because nitriding was
more efficient with these conditions, and surface roughness increased further on. These changes
affected wettability of the samples. For 2D samples, a hydrophobic behavior was observed for both
untreated and treated samples. For polished samples, an increase of apparent contact angle values
was registered for all treatment types, in comparison with those of untreated specimens, but a
hydrophobic behavior was observed only for samples subjected to Type A treatment when 0.5 pL
drops were used. It may be supposed that, for all the treated samples, drops were in a Cassie-Baxter
state. On the contrary, using liquids with lower surface tension, as ethanol and rapeseed oil, an
oleophilicity was observed. For all the nitrided samples, an increase of the corrosion resistance in 5%
NaCl was registered, and the occurrence of corrosion phenomena depended on the thickness of the
modified layers and the eventual formation of nitride precipitates, while the increase of surface
roughness did not adversely affect the corrosion resistance.
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