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Using a pulse low energy ion implantation with an electronic beam switch operating in the kHz regime, a
more efficient nitriding process is possible than with either pulsed plasma immersion ion implantation
(PIII) or continuous low energy ion implantation (LEII). Using such an experimental setup, it is shown that
the pulse length modulation (PLM) itself produces a slight beneficial effect on the corrosion behaviour of aus-
tenitic stainless steel 316 L at 400 °C. However, differences in the diffusion and phase formation exist. For 5%
PLM, a lower nitrogen flux resulted in the formation of expanded austenite with a very low lattice expansion,
while the highest PLM (40%) led to a reduced layer thickness caused by higher sputtering induced by the in-
creased ion bombardment itself. Nitriding at 400 °C increases the corrosion resistance of 316 L stainless steel
for all PLM. The effect is more pronounced for 15 and 30% PLM
henmodifizierung, Permoserstr.
+ 49 341 235 2313.
Mändl).
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1. Introduction

Nitriding of austenitic stainless steel by energetic ions is nowadays
a well-established technology after 15–20 years of developmental re-
search, appearing to be ready for applications in industry [1,2]. The
resulting metastable, supersaturated phase is characterised by nitro-
gen situated on interstitial sites at a concentration between 30 and
40 at.%[3,4].The fast nitrogen diffusion is presently discussed by a
trapping/detrapping model resulting in an anisotropic lattice expan-
sion is observed [5,6].While the very high hardness andwear resistance
is well established [7], recent work is still investigating the crystallo-
graphic structure of expanded austenite [8,9].

A thermally activated decay into ferritic Fe and CrN is reported with
a lifetime between 60 h at 425 °C and less than 2 h at 500 °C [10]. Cor-
related with this decay, a strong degradation of the corrosion resistance
is observed, caused by the precipitation of Cr-N [11], thus depriving the
material of mobile Cr atoms from forming a Cr-enriched surface layer.
However, even processing at 340–380 °C can lead to a degradation of
the corrosion resistance for steel 304 and 316Ti [12]. Furthermore, it
has been reported that corrosion resistance of nitrided stainless steel
could be altered depending on several process variables, in addition to
process time and temperature, [13,14,15,16,17]. Additionally, nitrogen
insertion into CoCr alloys with a similarly expanded lattice shows a re-
duced Cr mobility and a diminished corrosion protection even at lower
temperatures without CrN formation [18].

Different methods for nitrogen insertion into steel have been de-
scribed in the literature, including gas and plasma nitriding [19,20,21],
plasma immersion ion implantation and conventional ion beam implan-
tation [22,23], in addition to broadbeam LEII [24,25]. The latter method
can be assumed to be one of the most industry friendly methods due
to rather low voltages and a simple experimental setup when certain
minimum ion energy is required. Furthermore, modern ion sources can
deliver a very high ion flux density across large areas. It has been
shown that for sufficiently high current densities, no influenceof the cur-
rent density or the pulse voltage on the diffusion for steel 304 was ob-
served, as long as an exact temperature control of the substrates is
accomplished [26]. Otherwise, at lower nitrogen supply, a layer growth
limited by nitrogen supply has been observed, together with strong de-
pendencies of the resulting layer thickness on the ion current density
and the ion energy [27,28].

However, while the influence of the current density, respective
pulse length modulation (PLM) on the diffusion and the formation of
the expanded austenite layer on the surface of the implanted steel
alloy 304 has recently been published [29], the influence of the PLM
on the corrosion resistance, especially the pitting corrosion resistance
has not been investigated. In this paper the results of corrosion testing
for steel 316 L are presented.

2. Experiment

The samples for these investigations were prepared from aus-
tenitic stainless steel (AISI 316 L, corresponding to DIN 1.4404/
X2CrNiMo17.12.2), using a 24 mm diameter rod in form of thin discs
with a thickness of 3 mm after cutting. Prior to nitriding the discs were
polished to a root mean square surface roughness (Rrms) lower than
20 nm. LEII nitriding was carried out using an ECR broad beam ion
source with 125 mm beam diameter. The plasma generation frequency
was2.45 GHzwith a staticmagnetfield strength of 0.875 T. Thenitrogen
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Fig. 1. Variation of nitrogen depth profiles, as determined with SIMS, as function of PLM.

77L. Escalada et al. / Surface & Coatings Technology 211 (2012) 76–79
mass flow of 18 sccm resulted in a working pressure of 2×10−2 Pa,
while the base pressure was always below 7×10−4 Pa.

For these experiments the ion beam energy was fixed at 0.8 keV,
with the frequency of the beam switch fixed at 1 kHz and the PLMvary-
ing between 5 and 40%. At 30% PLM, a current density of 0.45 mA/cm2

was measured, translating into an incident nitrogen flux density of
6.5×1015 at./cm2s, including corrections for charge exchange and
atomic-to-molecular ratios [26,30]. The duration of the experiments
was fixed at 90 minwhile the temperature was controlled to 400 °C, in-
cluding a fast 9minute heating phase, by external radiation heating. The
temperaturewas controlled by a feedback loop during thewhole exper-
iment. The temperature reproducibility was better than 3–5 °C with
negligible influence on the results, as demonstrated before [26].

The phase formation was investigated with X-ray diffraction (XRD)
in Bragg–Brentano geometry using Cu Kα radiation (Seifert 3003). The
nitrogen depth profiles were measured using time-of-flight secondary
ion mass spectrometry (ToF-SIMS). By measuring the crater depth the
thickness of the nitrided layers was determined assuming a linear sput-
ter rate with no degrading of the profile edges due to sputter roughen-
ing within the crater. The layer thickness was defined by a nitrogen
concentration of 3 at.%, which is a reasonable value as nitrogen concen-
tration does not go to zero due to native nitrogen concentration in steel.

Corrosion tests were performed on both the untreated and LEII
pulsed treated alloy. Sampleswere softly polishedwith alumina suspen-
sion in order to eliminate air formed oxides and cleaned in ethanol prior
to corrosion test. Electrochemical experiments were conducted at room
temperature and atmospheric pressure in a three-electrode cell. A satu-
rated calomel electrode (SCE) was employed as the reference electrode
and a platinum spiral wire as the counter electrode. So as to avoid alter-
ing ground surface, the samples were pressed against the bottom of the
cell and sealed using an O-ring [31]. The resulting working electrode
area was 0.41 cm2. A 3.5 wt.% NaCl air saturated solution was used (air
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Fig. 2. XRD spectra for samples in th
was continuously bubbled in the solution in order to get saturation con-
centration). Localized corrosion resistance was evaluated by cyclic
potentiodynamic polarization experiments. The reversal of the potential
was done at a fixed, arbitrary chosen current density of 200 μA/cm2. The
corresponding potential was called E200. During upward scanning,
breakdown occurs where the current increases sharply from the passive
current level and pits start growing. On reversal of the scan direction,
pits repassivate where the current drops back to low values representa-
tive of passive dissolution at the protection or repassivation potential
(Er). [31,32]. The corrosion potential was monitored for 40 min after
which cyclic potentiodynamic anodic curves were carried out at a
1 mV/s sweep rate.

3. Results & discussion

Fig. 1.a shows the nitrogen depth profiles as a function of PLM
with values between 5 and 40%. Except for the sample implanted at
5%, nearly identical profiles were obtained, with the surface concen-
tration around 30 at.%. This value is obtained when using the conver-
sion factor established for steel 304, which is estimated to be correct
within 5–10% for steel 316 L, too [29]. When looking in detail, the
sample implanted at 40% PLM exhibits a thinner layer than the
other two, caused by an increased sputter removal at higher current
densities. For the sample implanted at 5% PLM, a much reduced nitro-
gen surface concentration of about 20 at.% is accompanied by a much
thinner layer .

The phase formation as elucidated by XRD measurements results
only in expanded austenite for all PLM values as can be seen from ap-
pearance of peaks on the left side of the both base material peaks at
position 39,68° (30% PLM), 40,05° (15% PLM), 40,45° (40% PLM) and
42,18 (5% PLM) for (111) lattice plane and 45,69 ° (30% PLM),
46,53° (15% PLM), 46,61° (40% PLM) and 49,18 (5% PLM) for (200)
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Fig. 3. Polarisation curves for the samples nitrided at various PLM (blank: non treated
316 L).
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lattice plane (in Fig. 2, the only position of expanded phase for 5%
PLM is indicated). The positions of base material peaks are 43,47°
and 50,67 for for (111) and (200) lattice planes, respectively. In par-
ticular, no formation of CrN or ferrite was detected (as shown in
Fig. 2), which can be expected only for higher temperatures and lon-
ger process times. The lattice expansion was calculated using the lat-
tice constant of the base material and expended phase, which were
determined from XRD peak positions in the corresponding XRD spec-
trum. Beyond the initial phase, characterised by 5% PLM, a nearly
Fig. 4. Surface topography for different samples after corrosion testing: a) 15% PLM, optical v
viewgraph.
constant expansion normal to the surface, is observed with values be-
tween 9.6 and 8.6% for the (200) planes normal to the surface and 8.5
to 7.2% for (111) planes normal to the surface, been slightly smaller
for the highest PLM value. At 5% nearly identical, low expansion
values are found for (111) and (200) planes.

It has to be pointed out that no direct correlation between lattice ex-
pansion and nitrogen content exists. The main origin for this behaviour
is biaxial stress, resulting in a strain perpendicular to the surface, thus
increasing the lattice constant beyond the stress-free value [33]. Ac-
cordingly, the sample implanted at 40% PLM should exhibit a lower
stress perpendicular to the surface as similar nitrogen surface concen-
trations are obtained together with a reduced lattice expansion.

The results of the polarization tests are plotted in Fig. 3. Corrosion
potentials are shifted up to 150 mV towardsmore positive values, com-
pared to the untreated specimen. The passive current density is lower
and E200 potentials higher for treated samples, indicating that the ni-
triding produces a beneficial effect on the resistance to localized corro-
sion of 316 L steel. Although there are not remarkable differences
among the nitrided samples the better resistance to localized corrosion
is attained for samples with 30 and 15% PLM.

Fig. 4 presents characteristic optical and SEM micrographs of cor-
roded surfaces. The surface attack is inhomogeneous and it is charac-
terised by small pits and etched grain boundaries.

The presented results suggest that the diffusion – and phase
formation – is mostly independent of the nitrogen uptake, as long as a
minimum effective current density is maintained. As shown before, a
minimum value of the current density is necessary to obtain the phase
normally known as expanded austenite [29]. For lower PLM values,
very small expansions and a much reduced nitrogen depth profile are
observed. On the other hand, only slight influence of the nitrogen inser-
tion on the corrosion resistance was found, indicating that for pulsed
iewgraph; b) 30% PLM optical viewgraph; c) 15% PLM SEM viewgraph; d) 30% PLM SEM
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LEII, no direct correlation between nitrogen insertion, layer thickness,
phase formation and the pitting corrosion exists at 400 °C.

4. Summary & conclusions

316 L austenitic stainless steel was nitrided by LEII using an elec-
tronic beam switch, allowing for linear decoupling of ion current den-
sity and ion energy. It was shown that nitrogen diffusion is almost
independent of nitrogen supply for constant temperature and suffi-
ciently high nitrogen supply. Regarding the nitriding of stainless
steel samples, the corrosion resistance shows a small improvement
although is not strongly influenced by the pulsed mode, which allows
for a faster process and better corrosion resistance at PLM values of
around 15%–30%. However, slight variations in the nitrogen surface
concentration, ascribed to sputtering effects are not directly reflected
in the lattice expansion, indicating that additional effects, e.g. stress
may be influential.
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