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ABSTRACT

Plasma nitriding is used to increase the durability of steels. The wettability of nitrided surfaces
is poorly studied. The ability of nitriding in modifying the wetting and evaporation of sessile
droplets on austenitic stainless steel is studied. Transferred plasma for nitriding provides
independent substrate biasing giving the opportunity to tailor the surface before and during the
nitriding treatments. It was shown that a cleaning treatment (Ar-H> plasma) produces
topographical modifications of the surface by selective sputtering of the grains giving contact
angles between 80 and 90 °. Similar results are obtained when the nitriding treatments are
carried out with a rather high bias voltage. It is explained using the skewness (Ssk)
topographical roughness parameter which reveals the asymmetry of the profile. The more the
Ssk is, the higher the contact angle is. During nitriding treatments, the very high internal stresses
leads to the formation of spikes at the grain boundaries. Pinning of the three-phase contact line
on peaks localized at grain boundaries are responsible for high contact angles. For nitriding
treatments carried out with lower bias, surface contamination occurs and a discontinuous
oxynitride layer is formed. The nanostructure formed by these oxides gives contact angles up
to 120 °.
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1. Introduction

Wetting and evaporation of sessile droplets on a solid surface is interesting both from the
fundamental and from the industrial point of view [1-3]. Evaporation on engineered surfaces is
now intensively studied, especially on those having superhydrophobic properties [4] inducing
self-cleaning, low adhesion surfaces, drag reduction for fluid flows [5], anti-icing (icephobic)
[6], anti-fogging, anti-fouling, water/oil separation, fluid transport [7], biological microarrays
[8], friction reduction [9], anti-corrosion [10], energy [11-12]. Improving phase change heat
transfer is important to meet the rising global energy demand in a sustainable manner in various
industrial applications: thermal generation of electricity, desalination, metallurgy, electronics
cooling, heat exchangers and food processing [13].

Variations in geometrical parameters (contact angle and radius) over time of a droplet placed
on a functionalized surface are a simple experimental way to study wetting and evaporation.
Although the geometry of a sessile droplet is relatively simple, it is representative of real-life
situations (for example, metallic inks for inkjet printing, the spreading of pesticides on leaves,
the spreading of blood serum, etc..) [14]. However, the understanding of wetting and
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evaporation of a simple droplet is non-trivial due to the full coupling with the substrate upon
which the drop is deposited, the atmosphere surrounding the droplet, and the nature of the fluid
[15-16]. Surface functionalization leading to contrasted physical properties, patterning,
hierarchical or decoupled hierarchical structures is an active subject of research [11-13,17-18].
The durability of these functionalized surfaces is a major issue for their large-scale use [16-23].
Plasma nitriding is widely used to improve the surface properties of steels and is an attractive
way to increase the durability of steel surfaces processed for wetting and evaporation
performances [24]. During nitriding treatments of steels, species containing nitrogen in
activated form (atomic nitrogen, excited nitrogen molecules, NHy radicals,...) are adsorbed on
the surfaces and atomic nitrogen can then be absorbed in the bulk of steels [25-26]. These
stages, which are still relatively unknown, are very sensitive to the state of the extreme surface
as is the wettability. Depending on the steel, solid solution of nitrogen in steel or some nitrides
(oxynitrides) can be formed after these initial stages. Before starting a plasma assisted nitriding
(PAN) treatment, a plasma cleaning step is generally carried out in order to remove superficial
oxide films that can be found at the steel surface, especially for stainless steels that forms
passive layers. This surface activation has a great influence on both the nitrided layers thickness
and composition [27-31]. PAN treatments are mostly performed using pulsed DC discharges at
moderate pressure (100-1000 Pa), for which -most of the time- the plasma reactivity is coupled
to the substrate heating. In these conventional PAN treatments, it is the bias voltage that allows
the adjustment of the substrate temperature, which is a crucial parameter in nitriding. However,
changing the bias voltage also modify the ion bombardment and thus the sputtering of the
substrate during a PAN treatment [30-31]. More flexibility and control are provided by the so-
called “transferred plasma” concept [25]. A common feature of these high density sources is
the uncoupling of the plasma generation from the substrate surface. In such processes,
independent substrate biasing provides a means for independent ion flux and ion energy control.
Such advantages are also available during the cleaning step before a PAN treatment. A review
of the different plasma processes and the different gas mixtures used during a cleaning step
before PAN treatment of austenitic stainless steel can be found in [30]. Strangely, the wettability
of nitrided surfaces is poorly studied in the literature [30]. The purpose of this communication
is to study the ability of nitriding treatments in modifying the wetting and evaporation of sessile
droplets on AISI 316L. A careful attention is given to both the effect of the plasma cleaning
step and on the role of the ion bombardment during a nitriding treatment.

We will first present a literature review on the wettability of nitrided austenitic stainless steel
surfaces as well as preliminary results which motivated this study. The evolution of the
geometric parameters of the drops (contact angle and radius) as a function of time for nitriding
conditions in which the bias voltage has been modified will be described and commented.
Observations carried out by optical and confocal microscopy as well as by SEM and by TEM
will allow us to propose explanations on the differences of contact angles measured on the
nitrided surfaces. In this paper, evaporation data are presented for the first on nitrided austenitic
stainless steel. These data will be discussed using existing theories. It will be also shown that
these theories explain well most of the data presented in this paper. This is connected to the
topography at the micrometric scale and the pinning of the three-phase contact line on peaks
localized at grain boundaries. However, it these theories fails to explain some of our
experimental data obtained on nitrided samples on which a layer of nanometric oxynitrides
particles is present. It will be also shown that the presence of these particles can be modified by
ion bombardment.



2. Experimental

The samples used in this communication are tempered AISI 316L stainless steel cylinders rod
(20 mm of diameter, thickness of less than 5 mm) with different composition (table 1). The
sample are prepared by mechanical polishing until mirror-like surface state (SiC emery paper
to 4000 grit (5 um) followed by polishing with 3 um et 1 pm diamond paste), cleaned with
ethanol, distilled water and dried by compressed air. A multi-dipolar electron cyclotron
resonance system (MDECR) was used for the nitriding experiments. A more complete
description of the reactor can be found in [32-33].

Samples Fe Cr Ni | Mn | Mo Si Cu | Co N P C S [0)
1 Comp. | 167 | 10.1 | 1.5 | 2.1 [ 003 ] 05 | 0.2 | 0.05 | 0.03 | 0.02 | 0.03 | n.m.
2 Comp. | 162 | 94 | 2.6 2 09 | 07 ] 02 010 005|002 0.02] 03
3 Comp. | 164 | 94 | 23 2 09 | 07 ] 02 ]0.09 005|002 0.02] 03
M Comp. | 167 | 139 | 26 | 26 | 07 | 04 | 0.1 | 0.07 | 0.04 | 0.02 | 0.00 | 0.2

Table 1. Composition of the different AISI 316L stainless steel samples in wt%.

Hydrogen is provided by an hydrogen gas generator (NM-H2 500 from F-DGSi). The
experimental conditions are described in table 2. Before the nitriding treatment, an in-situ
cleaning pre-treatment, intended to remove the native oxide layer, was performed in 50% Ar-
50% Ha at a pressure of 2 Pa for 30 min, with an incident microwave power of 600 W and a
bias voltage of — 100 V. The plasma was maintained in between this first step and the nitriding
step to reach the treatment temperature. Additional heating of the substrate is provided by an
heating system integrated to the substrate holder. The temperature of the samples was measured

with a thermocouple embedded in a substrate.

Sample Type of pre- | Type of treatment Bias Type of sample Initial Related | Evaporation
preparation treatment during the and sample name contact figures time tr (s)
plasma angle 6
treatment ©)
Polished no no / 1 (set 1) 60 1 /
Ar-50% H2 | 90% N2-10% Hz
bias -100 V 2 Pa, 600 W -50 1 (setl) 62 to 1 /
Polished |2 Pa, 600 W for at 400°C 108.5
30 min
50% Ar-50% Hz| 90% N2-10% Ha 1 (set2)
bias -100 V 2 Pa, 600 W After nitriding followed | 88 to 35 /
Polished 2 Pa, 600 W at 400°C -50 by 2 polishing steps 1
for 30 min
2,3,M
time after polishing 42 to 63
Polished / / / (0,3,7,10 days) 4,11 556 to 860
polished time evolution
2,3,M
50% Ar-50% Ha - 100 Several days after the 824 to
Polished / 2 Pa, 600 W treatment 94.1 4,11 519 to 684
for2h (sputtered 2 h)
M
Polished 95% Ar-5% Ha - 400 Several days after the 74.4 4,11 928
/ 2 Pa, 600 W treatment
for 8 h (sputtered 8 h)
squares of 100 x 100 pm separated by 200 um 1100
Polished | from each other with a depth of 0.7 pum prepared 1 85.8 4,11
by sputtering in Ar-Ha plasma [42] patterned
Polished |Ar-50% Ha, bias| 90% N2-10% Ha
-100 V 2 Pa, 600 W 2,3,M 78.4 to
2 Pa, 600 W for at 400°C Mostly nitrided 118.2 4,11 305to 1164
30 min -50
0 and -100




Table 2. Samples preparation, treatments parameters and data related to wetting

The analysis of the drop traces on the samples was performed by optical microscopy. Contact
angle measurements were performed with a Digidrop equipment at room temperature (22-23°C)
with a air humidity of 50%. Drops of bidistilled water (conductivity 55 pQ.m™") were deposited
with minimal influence of external forces and the process was recorded until the drop was fully
evaporated, with 1 picture taken per second. The droplet volume was 1 ul unless specified in
the text and each measure was repeated 5 times. Before measurements, the samples were
cleaned using ethanol, acetone and distilled water, and dried.

Profiles of the treated surfaces were measured using a white light interferometer (smartWLI
extended GBS-Ilmenau GmbH) with a x 50 magnification (lateral resolution 0.66 pm). Data
analysis were performed using the Mountains Map© software. For the preliminary results
presented in part 3, a simple procedure based on profile analysis was applied. A more robust
procedure was applied to the other measurements. The procedure used meets the ISO 25178
standard for which we have applied a robust Gaussian filter to separate undulation and
roughness profiles. The sampling area was 155%215 pm? and the measurements were repeated
2 times.

The analysis of the microstructure of the nitrided samples was performed by scanning

electron microscopy (SEM, EI Quanta-FEG-650 - EDS QUANTAX Bruker) and optical
microscopy. Local surface topography of samples was studied by using an AFM equipment
from CSInstruments (model Nano Observer) in the contact mode.
Cross-section foils were prepared using a scanning electron microscope (Helios Nanolab 600i)
associated with a source of focused ions (FIB). Two platinum layers were deposited to protect
the surface of the sample during the preparation phase. A JEOL ARM 200F microscope
equipped with a cold field emission gun, a high resolution lens as well as a EDS detector (energy
dispersive X-ray spectroscopy) JEOL Centurio was used for TEM measurements. This
microscope operating at 200 kV notably allowed observation in high TEM mode resolution
(HRTEM - with a parallel electron beam and point-to-point resolution: 0.19 nm) of
nanostructures present in FIB foils. The scanning mode (STEM - the electron beam is
convergent and a spatial resolution of 0.08 nm) coupled to the EDS detector was used to
recording of elementary maps. The so-called (high angle annular dark field) detector collects
the electrons scattered in an almost inelastic way located farthest from the optical axis of the
microscope. Theses STEM-HAADF images are sensitive to elementary composition.

3. Background on wetting of nitrided surfaces and preliminary experiments

A recent very good review was done by Borgioli on the wetting of nitrided stainless steel by
water [30]. There are very few publications and the changes of wetting behavior were
investigated mainly for biocompatibility. We will limit our interest to the papers related to AISI
316L, except for references [31-34] in which AISI 202 was used. The obtained results are not
indicating a clear tendency for the nitrided surfaces. For some researchers, the contact angle
(CA) of water drops on nitrided specimens is reported to decrease [33-37] or to increase [30-
33, 39-41], in comparison with that for untreated samples. For Lin et al. [35] the CA is found
to decrease with the nitriding treatment time (from 40 to 80 min. at 450°C). Buhagiar et al. [36]
reported very low CAs (40 to 50°). Galeano-Osorio et al. [37] have observed an increase for
the CAs as the nitriding temperature is increased from 380 to 420°C for treatments of 2 h (the
contact angle for the samples nitrided at 420 °C became comparable to that of the untreated
ones 94.5°, drop volume of 2.5 pl). Braz et al. [38] measured a CA of 72° (drop volume of 20
pl) for a sample nitrided 1h at 450°C as compared to a CA of 100° for the untreated sample.
One common point to these research is the high CA of the non-treated material (80 to 100°).
The results reported by Martinesi et al. [39] on samples nitrided at 400°C for 5 h are very



interesting because they show that the CA of a nitrided specimen compared to the one of an
untreated sample can increase or decrease depending on the way it is cleaned before the
measurements. For samples (untreated and nitrided) that was sonicated in acetone for 5 min.
and dried in air, the contact angle increases from 73° to 82°, whereas for the set of samples
subjected to a sterilization procedure and incubated with acetic acid, the CA passes from 73° to
71° (drop volume of 3 pl). Previous experiments [42] have shown that the initial CA measured
immediately after sample 2 was polished was 45° and reach 60° after 10 days of air exposure
(drop volume of 1 pl). Kim et al [43] have also report a spectacular change in surface
wettability for polished and aged AISI STS 304 sample (from 40° to 100° after 40 days of air
exposure for a drop volume of 5 l). If this ageing effect has been known for quite a long time
for plasmas treatments with Ar or Oz [44], it is only very recently that it is taken into account
during surface texturing by laser ablation [45]. A proposed explanation is the chemical
adsorption of airborne organic compounds via the esterification between the carboxyl in the
airborne organic compounds and the hydroxyl on the surface [45]. In this study, the effect of
temperature is shown to be important. At moderate temperatures (< 200°C) airborne organic
compounds adsorption is enhanced, which promotes the superhydrophobic character of the
patterned surface. At higher temperatures (> 200°C) airborne organic compounds decrease and
the patterned surface becomes hydrophilic. It must be noted that this ageing effect was not
observed on the nitrided samples.

Borgioli et al. [31, 34, 39-40] have conducted interesting experiments on the wettability of
nitrided AISI 316 L samples that underline the effects of bias of the samples being processed.
Whatever the experimental conditions, the CA of the nitrided surfaces is always greater (78° to
98°) than that of the polished non-nitrided surface (70°-72° for a drop volume of 0.5 pl). For
all samples, the CA is also found to decrease as the drop volume is higher (from 0.5 pl to 3 pl)
[40]. In their latest experiments [31, 34], they carried out short nitriding treatments (8 to 10
min.) with different bias. These short treatments give larger CAs (94° to 104° for a drop volume
of 0.5 ul) than those obtained for long treatments (84° to 88° to 380 ° C). This result remains
unexplained. As discussed in the introduction, changing the bias voltage modify the ion
bombardment giving different roughness to the treated surfaces. The higher the roughness of
the nitrided surfaces are the higher the CAs are [31, 34, 40]. Such an explanation can be also
be applied to the results gained by Aizawa et al. [41] in a transferred plasma with — 500 V of
bias applied to a AISI 316 sample nitrided at 400°C for 2 h The CAs are 40° for the untreated
sample and 104° for the nitrided one.

Figure 1 presents our preliminary results obtained for the wetting properties of AISI 316L
samples 1 (table 2) nitrided at 400°C for different times &able=5. Some results reported from
the literature and discussed before are also shown in this figure. It appears that the CA is always
higher for all the nitrided samples as compared to a polished sample. However, large
discrepancies are observed between our two sets of experiments. Our values for experimental
set 1 are high (88° to 107°) and comparable to those reported by Borgioli et al. for short
treatment times. However, our values for a short treatment time is comparable to the one of the
untreated polished sample (60-62°). Starting from the same idea as Borgioli et al. we suspect
the roughness of the nitrided sample to be responsible of the wetting properties. Left part of
figure 2 shows that a honeycomb like structure exists at the surface of nitrided samples.
However, there is no clear relation between roughness and contact angle as it can be seen from
the right part of figure 2. Two polishing steps have been performed on the sample nitrided 4 h
from set 2 with an initial CA of 88°. After a soft polishing intended to remove the relief induced
by the nitriding treatment the CA was a little bit lower (86°). After the final polishing step,
almost the 7 pm of total thickness of the nitrided layer was removed and the CA measured
immediately after the polishing was 35°. In these preliminary experiments, it was not possible
to finely control the surface topography by successive polishing of the nitrided surface.
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Figure 1: Evolution of the contact angle (drop volume 2-3 pl) as a function of nitriding time
for AISI 316L sample 1 and for two sets of nitriding experiments at 400°C. The
sample nitrided for 4 h for set 2 was polished two times after the nitriding treatment
in order to see the influence of roughness. Results from the literature are also
reported. The grey rectangle summarize the domain of contact angles for AISI 3161
samples nitrided at low temperature (< 400°C).

For the partial wetting case, the spreading and evaporation kinetics are greatly influenced by
the existence of CA hysteresis [46]. In addition to the sessile CA it exists dynamic CAs (i.e.,
the advancing and receding CAs). The dynamic CAs can be determined using two methods: the
tilting plate and volume changing methods. In the first method, the drop is deposited on a plate,
which is tilted to a critical angle known as the sliding angle for which the drop moves. The
advancing and receding CAs are then measured as the angles on the downhill and uphill sides
respectively. In the volume changing method, the advancing CA is measured as the maximum
CA achieved by the drop as liquid is added prior to the outward movement of the drop. The
receding CA is measured by withdrawing liquid from the drop to a point at which the drop
begins to recede [46]. The difference between the advancing and receding CAs is known as
contact hysteresis [46]. In our case it was not possible to measure the dynamic CAs due to the
extremely strong pinning characteristics of our samples. It was even possible to reverse the
sample with the droplets without any change in the droplets state.
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Figure 2: Left: (a) AFM 3D view of the sample nitrided for 8 h, extracted height profile (b)
(c). Right: evolution of the contact angle (set 1 from figure 1) and of the roughness
parameters as a function of nitriding time for AISI 316L sample 1 (total height of
profile Riand arithmetic mean roughness Ra).

During the evaporation of sessile drop éseefigure3ferinstanees in the partial wetting case with
contact hysteresis four possible evaporation steps are generally observed [47-49]. First an initial
step or propagation step during this short initial spreading period (< 1 min.), the CA and the
radius R change simultaneously to reach the initial considered values for the next step; stage I:
the CA angle 0 decreases while the radius R of the drop remains constant. This step is known
as the constant contact radius evaporation mode (CCR). In this configuration, the triple line
remains pinned (pinning mode). According to Brutin and Starov [14], the stable CAs at the
beginning and at the end of stage 1 are respectively the advancing and the receding CAs; stage
IT: the CA remains constant while the radius R of the drop decreases. This step is known as the
constant CA evaporation mode (CCA). In this configuration, the triple line moves (depinning
mode), stage III: the contact angle 6 and the radius R of the drop decrease until the droplet
completely disappears (mixed regime). The main characteristic of partial wetting is the contact
angle hysteresis, which results in the occurrence of stage II, when the drop edge is pinned.
The examination of the literature and these preliminary results have led us to reconsider our
approach to the study of wettability and the evaporation of water drops on nitrided surfaces of
austenitic stainless steels.

4. Experimental results

Figure 3 presents the evolution of the CAs and drop widths (2 R) for drops of 1 pl as a function
of time for sample 2, 3 and M nitrided for 2 h at 400°C with different bias (0, - 50 and — 200
V). To our knowledge, it is the first time such evaporation data are reported for austenitic
stainless steel.
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Figure 3: Evolution of the contact angle (8) and drop width (2 R) as a function of evaporation
time for drops of 1 pl as a function of time for sample 2, 3 and M nitrided for 2 h
at 400°C with different bias (0, - 50 and — 200 V). The blue rectangles show the
duration of the quasi-CCR regime.

Two different regimes for the evaporation can be distinguished from figure 3 on austenitic
stainless steel nitrided samples: a quasi-constant diameter regime (designed after by quasi-
CCR) and a mixed regime in which both diameter and CA are evolving with time. As reported
before [42], sharp transitions from CCR to constant contact angle (CCA) are only observed for
large volume drop. For drop volume less than 3 pl, a continuous transition from CCR to mixed
regime is observed most of the time. As it can be seen on figure 3, apart from samples nitrided
with a bias of — 50 V, the existence of pure CCR is open for debate and we will call it quasi-
CCR mode. The time duration of the quasi-CCR regime is illustrated in figure 3 by blue
rectangles. The evaporation time tr is the time for which we measure the lowest CA. It can be
seen that the ratio between the time duration of the quasi-CCR regime and the evaporation time
tr is more than 2/3. The CAs values at the end of the quasi-CCR can be considered as receding
CAs according to Brutin and Starov [14]. Figure 4 represents the evolution of the initial values
of CAs as a function of tr for the experimental results presented in figure 3 but also from
sputtering experiments. The elaboration conditions for the patterned sample are reported in
reference [40]. The results presented for the polished samples are similar to those reported in
[40] for sample 2. The lowest CA was obtained for measurements performed immediately after
polishing and the CAs increase after 3, 7 and 10 days of air exposure (drop volume of 1 pl). It
can be seen from figure 4 that nitrided and non-nitrided samples behave differently. The nitrided
samples have both highest CAs and tr as compared to non-nitrided samples. If a linear
relationship seems clearly to emerge for non-nitrided samples, this is only partially the case for
nitrided samples. We note in particular that the samples nitrided with a bias of - 50 V have a
behavior different from the other samples. As shown by the results obtained on nitrided layers



with drop volumes of 0.6 and 0.3 pl, this linear trend is only valid for a given drop volume. At
constant volume, higher evaporation times are obtained for higher initial CAs.

0,(°)

Figure 4:

130 5
~ 1204 =]
o ] - = =
~ 1104 ®
D 3 03l
100 E B Polished time evolution S2
J B Polished time evolution S3
90 ] S B Polished time evolution SM
80 E - e @D Nitrided small volumes SM
] 0.6 “1“7 ha Patiemed SM
704 ’ @ Spueredin ArH, 2 h. SM
] @ Sputeredin ArH, 2 h. 52
E u ,
60 3 | ] | - m = @ Sputeredin ArH,2h. 53
E Sputtered in Ar-H, 8 h. SM
50 E ] B Nitrided bias 0 V SM
] B Nitrided bias 0 V 52
40 E B Nirided bias 0 V'$3
] B Nitrided bias -50 V SM
30 E B Nitrided bias 50 v 52
20 E B Nirided bias -50 V 3
] I Nitrided bias -200 V SM
10 3 I Nitrided bias 200 V 52
] I Nitrided bias -200 V 3
N NN———
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Evaporation time (s)
@ Polished time evolution 2
130 5
] B Polished ime evolution 3
120 3 o
e = = o Polished time evolution M
110 .; @ Nitrided small volumes M
] Patterned M
100 4
3 ®  Sputtered 20 M
90 .é o ®  Sputtersd 2h 2
80 3 ®  Sputtered 213
70 3 Sputtered 8 h M
= =] Nitrided 0 VM
60 - ®  Nitrided 0V 2
50 3 B Nitridked 0V 3
3 & Nitrided 50V M
40 E &  Nitrided -50V 2
30 4 & Nitrided -50V 3
20 = Ly Nitrided -200 VM
E @ Nitrided -200V 2
10 E ©  Nitrided 200V 3
A ———

0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Evaporation time (s)

Evolution of the initial apparent CA (6;) as a function of the evaporation time for
different AISI 316L samples. The drop volume is 1l otherwise indicated. The blue
rectangle shows the CA domain for nitrided samples. The lines are drawn to guide
the eyes.



Figure 5 presents the droplet morphology on nitrided surfaces as observed by optical microscopy
for samples 2, 3 and M. The drops show some anisotropy. The three-phase contact line (TPCL)
is not strictly circular. Observations under optical microscopy of the trace left by the
evaporation of the drops on the surfaces shows that the TPCL partially follows the grain
boundaries.

Figure 5: Droplet morphology on nitrided surfaces of samples 2, 3 and M. Top view: optical
microscopy observation of water droplets. Bottom view: optical images of the
traces remaining after the evaporation of water droplets.

Figure 6 shows SEM images of sample M nitrided for 2 h at 400°C with a bias of — 50 V
observed at different magnifications with a tilt of 20° or without tilt. At low magnifications, the
grains are easily observed because of the anisotropic uplift of the nitrided grains. This grains
uplift is the result of the plastic deformation in the only free direction to compensate the high
internal stresses during the formation of a specific metastable phase Yy~ called expanded
austenite occurring during nitriding treatment carried out below 420°C [30, 32, 33, 50]. Figure
6 also reveals the presence of very small particles which seed the nitrided surface. Figure 7
presents the results obtained by SEM at the same magnification on the samples nitrided with
different bias. When there is no bias, a dense distribution of particles is observed, the size of
which varies greatly from a few tens of nanometers to 200 nm. The particle size decreases from
sample 3 to sample M and then to sample 2. When the bias is - 50 V, the distribution of particles
is denser and the size of the particles is smaller (tens of nm) as compared to those observed on
samples with no bias. The mean particle size is the highest for sample 3. In the case of samples
biased at -200 V, practically no more particles are observed.

Figure 8 presents cross section views of a FIB foil taken from the surface of a M-type sample
nitrided for 8 h at 400 °C in a gas mixture of 80% N2 - 20% H> with a bias of — 50 V and a
pressure of 1 Pa. Over the nitrided layer, crystalized particles of a hundred of nm are detected.
These particles are made up only of iron, nitrogen and oxygen and will be called oxynitrides
hereafter.

Figure 9 gives an example of the procedure applied for the measurements of topographical
parameters in the case of sample M sputtered for 2 h Undulation represents the topographic
variations at the scale of grains (> 5 um) and roughness represent variations at a scale less than
2 pm. For roughness measurements, we are at the limits of the spatial resolution of our device



(0.7 pm) with regard to the holes shown in the SEM picture of figure 9b. However, we do
measure the roughness represented by white lines in figure 9d and lines in the SEM picture. We
are unable to measure the oxynitrides particles with the white light interferometer. The obtained
results are presented in table 3. For the undulation profile, Sku (Kurtosis) values around 3 are
obtained for all the samples. It means that the height distribution is normal: the parts of the
profile in points are equal to the parts in the form of holes. The roughness parameters are more
instructive, especially the Sg (skewness) values which represent the degree of asymmetry of
the roughness shape. For negative Ssk values, the height distribution is skewed below the mean
plane and for positive S values, the height distribution is skewed above the mean plane. Figure
10 presents the evolution of initial CAs as a function of S values for roughness obtained after
the application of a robust Gaussian filter. Apart from samples nitrided with a bias of — 50 V an
interesting linear correlation is found.

5. Discussion

When working on the wettability of rough surfaces the two most popular models are the Wenzel
model (relation 1) and the Cassie-Baxter model (relation 2) [2-3, 14-16].

cos 0, =1, cosb, (1)

cos Ocg = ¢ (cosOy+ 1) - 1 2)
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Figure 6: SEM images o sample M nitrided for 2 h at 400°C with a bias of — 50 V observed
at different magnifications with a tilt of 20° or without tilt.
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Figure 7. SEM images at the same magnification of the surface of the three samples nitrided
for 2 h at 400°C with bias of 0, — 50 and — 200 V. For the - 200 V bias, the presented
results are for places where the particles are more numerous.
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Figure 8: Cross section views of a FIB foil taken from the surface of a M-type sample nitrided
for 8 h at 400 °C (gas mixture 80% N> - 20% Ho, bias - 50V, pressure 1 Pa). On the
left, distribution of the elements (Cr, Fe, N, O) in STEM-EDS, on the right STEM-

HAADF image.
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Figure 9: Roughness measurements procedure for sample M sputtered for 2 h (a) original 3D
profile after the application of the filter, (b) SEM picture, (¢) undulation profile and
(d) roughness profile.

Nit Nit Nit Nit Nit Nit Nit Nit Nit | Sput.2h |Sput.2h | Sput. 2 h
ov (1AY (1AY 50V | -50V [ -50V | -200V [-200V |-200V | -100V | -100V | -100V
2 3 M 2 3 M 2 3 M 2 3 M

Sq(um) | 0.001 |0.014 | 0.021 | 0.079 | 0.084 | 0.108 | 0.183 | 0.135 | 0.182 | 0.029 | 0.014 0.03

S.(um) | 0.003 | 0.005 | 0.007 |0.052|0.054 |0.047 | 0.009 | 0.065 | 0.095 | 0.007 | 0.004 | 0.008

Ssk 25 18 123 | 1.27 | 211 | 1.02 | 193 | 1.72 | 143 | -924 | -162 | -8.27

Sku 733 384 175 826 | 11.7 | 12.1 | 148 | 155 | 11.6 91.6 326 72.7

Sp(um) | 0.309 [0.345 | 0.332 |0.579 0.735 |0.806 | 1.75 | 146 | 1.57 | 0.057 | 0.068 | 0.059

Sy(um) | 0.03 |0.033|0.0325 | 0.425|0.370 | 0.418 | 0.912 | 0.711 | 0.755 | 0.309 0.30 0.303

S, (um) | 0.337 | 0.378 | 0.364 1 1.11 | 1.22 | 2.66 | 2.17 | 2.22 | 0.367 | 0370 | 0.362

Table 3. Roughness topographical parameters of different AISI 316L stainless steel samples
(Sq: root mean square height, S,: arithmetical mean height, Ssk: skewness, Sku: kurtosis, Sp:
maximum peak height, Sy: maximum pit height, S; = Sp +Sv). Uncertainties are 3-4% for Sq,
6-8% for S., 4-6% for Ss and Sku and 4-6% for Sp, Syand S,.

In these relations, 8o, Bw and Bcg are respectively the Young CA measured on a flat surface, the
Wenzel CA and the Cassie-Baxter CA, rv is the ratio of the solid-liquid interfacial area to the
projected interfacial area and @ is the ratio of solid-liquid interfacial area to the total interfacial
area. The Wenzel relation is used when the liquid completely penetrates into the asperities
(homogeneous wetting regime). The Cassie-Baxter relation can be used for chemically
heterogeneous surfaces (two components), relation 2 is for the situation of air pockets present
between the surface and the liquid. Relation 1 and 2 were derived from thermodynamically
considerations under the assumption that the energy loss at a moving TPCL can be neglected
when a liquid droplet reaches an equilibrium state on a solid surface. However, energy losses
at the TPCLs have been largely reported [51-54]. According to Wenzel's equation, when the
roughness increases, the CA increases for hydrophobic surfaces (8p > 90 °) but decreases for
hydrophilic surfaces (8o < 90 °). This is generally not verified for hydrophilic surfaces. Some
models try to take into account the energy loss at the TPCL [54-56]. The Kang-Jacobi model
allows to lower the value of the transition angle between hydrophilic and hydrophobic states to



48 ° [55] or even 43 ° [54]. Apart from the case of nitrided layers having oxynitrides on the
surface, none of the relations 1 and 2 is able to explain our wettability results. As a matter of
fact, the traces left by the TPCL at the end of evaporation (figure 5) suggest that there is no air
pockets in the space formed at the scale of grains between the extruded grain boundaries. Hence
equation 2 is not applicable. From our surface topography measurements, we can estimate the
value of factor rw in equation 1. It is very close to 1 and, as a consequence, equation 1 is not
able to explain why By (the contact angle of topographically modified nitrided surfaces) is
higher that 6y (the angle corresponding to a flat nitrided surface). Although the CA of a flat
nitrided surface is not yet available, figure 1 suggest it can be less than a non nitrided flat
surface. We must turn to the pinning phenomenon to try to explain our observations. The
current understanding of the TPCL pinning phenomenon is based on the Gibbs’ criterion
(relation 3), which is illustrated in Figure 11a [57-60].
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Figure 10: Initial values of CAs as a function of Sgk value obtained from the roughness profiles
on samples M treated in different conditions (table 2). A robust gaussian filter was
applied to the data.

In this relation, 6. is the critical angle for depinning and © — d is the angle of the apex formed
by the substrate faces. The Gibbs’ criterion stipulates that the contact angle at the edge of
surface with a negative slope can take any value between 0 and 0 + Q, if the horizontal direction
is considered as the reference one. Pinning of the contact line from the edge occurs when 0 <
0., while depinning occurs when 0 > 6. As illustrated in figure 11b, such a constraint does not
exists when the TPCL meet a surface with a positive slope. On sharp edges, that are associated
to energy barriers for the spreading of droplets, energy is stored in the pinned droplet. Such a
concept is to be connected to the energy loss at the TPCL taken into account in modelling [54-
56]. One might think that the parameters, Sp, Sv and S, are relevant parameters, but it is not.
Only the asymmetry of the profile is important to determine the value of the contact angle.



Thus, the CAs are higher for an asymmetrical profile with more peaks than valleys. The height
of peaks and valleys does not seem to play an important role. We can therefore conclude that
the wettability of nitrided surfaces does not depend on the flatness of the grains but is very
sensitive to localized peaks present at the grain boundaries. Thus, the CAs are higher for an
asymmetrical profile with more peaks than valleys. The TPCL is not following grain boundaries
but is pinned to these localized peaks as suggested by figure 5. Although we have not presented
analysis of the nitrided surface topography parameters for which the contact angles are less than
90°, we believe that it is possible to obtain such topographic configurations for nitrided layers.
Indeed, according to the nature of the coupling between the deformations of surfaces induced
by nitriding and their sputtering by ion bombardment, it must be possible to obtain a wide range
of Ssk values and thus of CAs. This hypothesis should be tested in future experiments.
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Figure 11: Illustration of the Gibbs’ criterion for a droplet in contact with a surface with (a) a
positive slope and (b) a negative slope.
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It is clear from figures 6 and 7 that the small oxynitride particles, present at the surface of the
nitrided layer, have a strong influence on the CAs values. Their shape, size and distribution
make possible an air trapping effect leading to a kind of fakir state as described by the Cassie-
Baxter relation 2. Thus it is coherent that when the particles are no longer present in sufficient
numbers or when their density decreases (in the case of nitrided samples with a bias of - 200
V), the CAs change from 110-118° to 95-106°. Such sub-micrometric particles have already
been observed during PANTSs [34, 61-63]. The only explanation given for the origin of this
particles are deposition of metallic species resulting from sputtering of the worktable in steel.
This is perhaps true in the so called active screen plasma nitriding (ASPN) process in which a
negative bias voltage (up to - 900 V) is applied to a metal mesh screen surrounding the piece to
be treated. Li and co-worker have observed by HRTEM a composite duplex layer formed by
an amorphous and nano-crystallized oxynitrided upper layer over a nitrided layer on austenitic
stainless steel AISI 304 oxynitrided at 440°C for 16 h in a NH3 atmosphere with 2% of oxygen
[62-63]. It is not the purpose of this paper to explain the origin of the sub-micrometric particles
we observed, but we can say that it most probably result from a selective oxidation of the
nitrided layer due to very slow oxygen desorption coming from water vapour adsorbed on the
wall during opening of the reactor.

The volume variation for droplets small enough to be associated with spherical caps (the radius
R of the drop is less than the capillary length: 2.7 mm for water) is given by [3]:

3
2o S 43 aR%(0)S with g(6)=
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In the CCR regime, Popov [3] has shown that equation (4) can be expressed by:
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p is the fluid density, f(0) is a function of the contact angle 8, D is the diffusion constant for
vapour in air, Cs is the vapour saturation concentration just above the liquid-air interface, C« is
the ambient vapour concentration. This last relation is relevant for all the 6 values. When 8 —
0, relation (5) gives [3]:
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In relations (6) and (7), 6; is the initial contact angle and t““R is the evaporation time in the

CCR regime. Relation (5) has no simple analytical solutions but some analytical expression
have been proposed for f(0) [64]. The results for the CCR mode can be found in [42]. As a
general rule, the simple evaporation model gives the following power law for the droplet
volume evolution as a function of time (V; is the initial volume of the droplet):

)= (-3) ®

Works from Nguyen et al [64] and Hu et al [65] show that the 3 factor is evolving between 1
and 2/3 for the CCR mode and is equal 2/3 for the CCA mode.

From our results (figure 3) it can be seen that the evolution of the apparent contact angle is not
a linear function of time as predicted by relation 6. Figure 12 shows the evolution of the
logarithm of the normalized drop volume (Vnorm = V/Vi, where Viis the initial volume of the
droplet) as a function of In (1- t/tr) for nitrided sample M with different bias. During most of
the evaporation process, the evolution of In Vhorm as a function of In (1- t/t¢) is linear for these
samples and for all the other samples (slops between 1.08 and 0.9 and around 0.8 for smaller
droplet volumes). So it can be concluded that the volume evolution with time given by relation
(6) for the evaporation in the CCR mode is effective in both cases. In other words, we find a
value 3 = 1 for the relation 8. Some deviations are observed for the final part of the evaporation
process.

Figure 13 is intended to show to what extent relation 7 is valid. It is remarkable to note that it
describes a very large number of cases well, except the three samples nitrided with a bias of -
50 V, the sample 2 nitrided with no bias of and the sample sputtered in Ar for 8 h. Figure 7
shows that the average particle size is smaller in the case of the nitrided samples with a bias of
- 50 V, as well as for the sample 2 nitrided without bias than in the case of the samples 3 and
M nitrided without bias.

We believe that the differences in both the size and a shape of the particles explain the difference
in evaporation times between these two batches of samples. These differences in the iron
oxynitride particles therefore plays an important role in the evaporation of the water drops on
the nitrided surfaces. The smaller and denser they are, the longer the evaporation time. As it
can be seen on figure 3, the time duration of the CCR regime is longer for nitrided surfaces at -
50 V. It can be postulated that the pinning of the triple line is much more important on the



particles of iron oxynitride resulting from a nitriding treatment with samples biased at -50 V.
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Figure 12: Evolution of the logarithm of the normalized droplet volume as function of the
logarithm of (1- t/t) for nitrided sample M with different bias.
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Figure 13: Evolution of R iZOi as function as a function of the evaporation time for different
AISI 316L samples. The drop volume is 1pl. The line is drawn to guide the eyes.
Uncertainties in R ?6; can be estimated to be at least between 12 and 15%.

5. Conclusion

A nitriding treatment of metallic materials can provide better durability to processed surfaces.
Nitriding at low temperature (< 420°C) of stainless steels, such as AISI 316L, produces a
surface layer consisting of highly stressed expanded austenite which leads to surface
deformation at the grain boundaries. Although the wettability of nitrided surfaces is of great
importance, it is poorly studied. Preliminary experiments and the examination of the results
reported in the litterature have shown dispersed results. Topography is suspected to play an
important role but no direct relation between roughness and wetting parameters is available. In
this study, the use of a transferred plasma for nitriding provides independent substrate biasing



giving the opportunity to tailor the surface before and during the nitriding treatments. The effect
of different treatments, effectively done during a nitriding treatment, were studied. A cleaning
pre-treatment (Ar-H2 plasma) produces topographical modifications of the surface by selective
sputtering of the grains giving contact angles between 80 and 90 °. Nitriding treatments are
carried out with no (0 V) or high bias voltage (- 200 V) give higher initial contact angles 6;. We
found that the asymmetry of the surface topographies is an important parameter to describe the
surface wettability, not only nitrided surfaces, but also other surfaces such as powder-coated
surfaces. A linear relation between the initial contact angle 6i and the skewness (Sg)
topographical roughness parameter was found for all of these surfaces. Ion bombardment
produces hole at the surface associated to negative Sg values (surface with more valley than
picks). During relatively long nitriding treatments (more than one hour), the very high internal
stresses generated by very high nitrogen incorporation produce anisotropic deformations of the
austenite grains which lead to the formation of spikes at the grain boundaries giving surfaces
with positive Sg values. Pinning of the three-phase contact line on peaks localized at grain
boundaries are responsible for the reported high contact angles. Concerning the evopration,
even if the initial contact angle is higher than on non-nitrided and polished surfaces, the
evaporation time of the drops is not higher than on non-nitrided and polished surfaces. A
tailoring of the nitriding parameters is possible to obtain a desired results in terms of wetting.
The theory for evaporation in the constant contact radius (CCR) mode, which states that the
evaporation time is proportional to R 1201, the square of the initial contact radius times the initial
contact angle is verified in many cases except for nitrided samples covered by nanoparticles.
We have shown that the presence of iron oxynitride particles having a size of tens of nanometers
and densely distributed on the surface increases both the initial contact angle (up to 118°) and
the evaporation time. It was shown that the presence of these particles can be controlled by
changing the ion bombardment through the bias voltage applied to the substrates. In order to
optimize the performance in evaporation, it would be necessary to better control the parameters
leading to the formation of these particles. Even if they do not make it possible to improve the
performance in evaporation, nitriding treatments make it possible to greatly improve the
durability of textured surfaces without degrading the performance in evaporation.
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