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Plasma nitriding of austenitic stainless steel is of high technological importance due to its ability to improve the
surface hardness, wear and corrosion resistance. Therefore, such process presents a significant potential as a
treatment of materials for biomedical applications. The resulting properties obtained on the nitrided layer de-
pend on the nitriding parameters used, such as temperature, gases partial pressures, process time, among others.
In this work, austenitic stainless steel AISI 316L was nitrided in a DC plasma using two different N2-H2 atmo-
spheres: 25%N2 and 20% N2. A detailed analysis of surfacemicrostructure has been carried out and related to cor-
rosion behaviour in two saline solutions. The results were compared with the 316L unnitrided (UN). The
chemical composition of the nitrided layer was determined by GDOES. The phases present in the nitrided layer
were analysed by X-ray diffraction (XRD) and the phases in the surface of nitrided layerwere analysed by grazing
incidence X-ray diffraction mode (GIXRD). The corrosion behaviour of the samples was studied by an electro-
chemical corrosion test in 3wt% NaCl and Ringer's solutions. The GDOES (GlowDischarge Optical Emission Spec-
troscopy) analysis shows a higher N concentration of in the surface of 25% N2 samples, named HN. The phases
observed, by GIXRD, in HN samples were expanded austenite γN, CrN, Fe3N and Fe4N and, in the 20% N2 samples,
named LN, only peaks of expanded austenite and Fe4Nwere observed. The corrosion results showed that LNpres-
ent better corrosion resistance thanHN, this could be due to the absence of chromiumnitrides in the surface of LN
as a consequence of lower N percentage in the nitriding atmosphere.

© 2017 Published by Elsevier B.V.
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1. Introduction

Low temperature ion nitriding (300–420 °C) is awidely used surface
treatment applied on stainless steels [1], since it provides high surface
hardness and wear resistance without significantly affecting its corro-
sion resistance [2]. At these temperatures, the Cr diffusion rate into
steel is low and consequently, the formation of Cr nitrides is inhibited
[3,4]. By performing a sputtering pre-treatment within the same reac-
tor, it is possible to remove the Cr2O3 passivation layer, promoting the
diffusion of nitrogen into the material [5]. When austenitic stainless
steels are nitrided at the aforementioned temperatures, a new diffusion
layer is generated and is commonly known as “expanded austenite”
as), gabriel@inti.gov.ar
s), cabo@ionar.com.ar
frcu.utn.edu.ar (S.P. Brühl).
“γN” or also “S phase”. This S phase is metastable and presents an fcc
structure with a high nitrogen content [6–8] in solution, located in octa-
hedral sites [9,10]. In some cases, depending on the nitriding tempera-
ture, the γN phase is accompanied by certain cubic (γ′-Fe4N) and
hexagonal phases (ε-Fe2–3N) [4]. If the temperature exceeds 420 °C
(693 K), the maximal solubility of nitrogen in the austenite phase is
reached and themetastable phase (γN) is decomposed, thus generating
precipitation of CrN [11–13]. The precipitation of CrN results in the de-
pletion of free Cr from the austenitic matrix, which results in a lower
corrosion resistance of the nitrided layer. Also, the nitrided layer struc-
ture depends on the nitridingparameters, such as temperature, process-
ing time, gases partial pressures, basematerial superficial pre-treatment
and the characteristics of the electrical discharge which generates and
sustains the plasma [14–16]. In DC pulsed nitriding of austenitic stain-
less steels, it was observed that the processing time (t) and temperature
(T) are more important than time on/off (ton/off) and gas pressure in the
treatment atmosphere. It was also confirmed that the temperature has
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greater influence on thickness, hardness and microstructure [16] of the
nitrided layer than the change in pulse frequency (ton/off) [17].

Although austenitic stainless steels are widely used in the biomate-
rials field, particularly in orthopaedics (in fracture fixation devices and
in partial or total replacement of joints) and surgical tools [18,19],
there are few studies about the in-vivo behaviour of the γN phase.
Some of them show that the tests performed in Ringer and Hank solu-
tions indicate that the γN phase shows a combination of good wear re-
sistance and pitting corrosion [20] and excellent antibacterial property
[21–23].

The aim of this studywas to evaluate the change in surface structure
when nitrogen content was lowered from 25% (the usual one) to 20%.
Temperature was set on 400 °C and processing time was not varied
from usual parameters in order to obtain a wide nitrided layer, hard
and wear resistant but also corrosion resistant. The study by X-ray dif-
fraction at small angles is directed to determine surface structure chang-
es with the processing atmosphere. There are not many studies about
the structure variation of the nitrided layers, using glancing angle
XRD, and especially about the variation in the nitrogen partial pressure
below 25%.

It is important to note that the plasma-assisted nitriding treatments
were performed in industrial reactors, which facilitates the direct trans-
fer of results to the industry. The potential application of this surface
modification treatment in the field of biomaterials was also evaluated
by performing corrosion tests in Ringer's solution.
2. Materials and methods

A typical austenitic stainless steel grade AISI 316L was utilized for
the present study. The chemical composition was determined and
corresponded to AISI 316L steel according to ASTM A276. Cylindrical
samples of 25.4 mm in diameter and 10mm in thickness were obtained
from an as-annealed commercial bar. The microstructure was revealed
by etching with a Marble reagent (10 g CuSO4, 50 ml HCl, 50 ml H2O)
and the evaluation was performed using optical microscopy (OM) on
a Zeiss™ Axiotech microscope, and scanning electron microscopy
(SEM) on a Philips™ SEM505. The substrate presented amicrohardness
of about (170 ± 10) HV25g. All samples were ground with SiC abrasive
papers (240, 320, 400 and 600) prior to nitriding.

Samples were treated in an ion nitriding industrial reactor (Ionar S.
A., Argentina) described elsewhere [24], with other industrial compo-
nents in a conventional process. Before the ion nitriding process, sam-
ples sputter cleaned in the plasma reactor with a gas mixture
composed of 50/50 Ar/H2 for 3 h so as to remove the native passive
film, characteristic of stainless steels. This mixture combines the me-
chanical removal properties of Ar+ and the reducing chemical effect of
hydrogen on Cr2O3 [25]. The main experimental parameters of the
two ion nitriding processes (HN and LN) are summarized in Table 1.
The temperature was determined and controlled by an electrically iso-
lated thermocouple attached to the sample holder.

Only the hydrogen/nitrogen proportion in the gas mixture was dif-
ferent between the two groups: HN samples were nitrided with 25% ni-
trogen and LN samples with only 20% nitrogen. About 15 samples were
treated for each group. After the nitriding process, the samples were
slowly cooled down to room temperature in a nitrogen atmosphere.
Table 1
Main parameters of the nitriding process for the two studied conditions.

Experimental parameter Fixed conditions for LN and HN samples

Time 20 h
Temperature 400 °C
Pressure 6.5 hPa
Voltage between electrodes 700 V
Pulse discharge ton–toff 70–200 μs
Current density ~1 mA·cm−2
Cross-sections were prepared in order to determine the nitrided
layer thickness and characteristics and to perform microhardness
depth profiles, perpendicular to the surface. The chemical composition
of the nitrided layer was determined on a Jobin Yvon RF GD Profiler
(GDOES) equipped with an anode diameter of 4 mm and operated
under an RF discharge pressure of 650 Pa and a 40Wpower. Surfacemi-
crohardness and depth profile measurements were made using a
Vickers microindenter (Shimadzu HV-2). The experimental loads were
50 and 25 g, respectively.

The phases present in the unnitrided samples (UN) as well as in the
treated ones (HN and LN), were analysed by X-ray diffraction (XRD)
with a Philips PW 3710 X-ray diffractometer. A conventional θ–2θ
Bragg–Brentano symmetric configuration was used, with a Bragg
angle scanning ranging from 20° to 120°. The selected step size was
0.02° and the time per step was settled at 3 s. The radiation source
was from a copper tube with a wavelength of λCuKα = 0.15418 nm.

As corrosion behaviour is related to close surface composition, the
samples were further investigated using the grazing incidence X-ray
diffraction mode (GIXRD) with incidence angles fixed at 1°, 2.5°, 5°,
15° and 22° (Table 2). The penetration depth of the X-rays was estimat-
ed within the region of the (111) peak (which is themost intense in the
pattern), assuming a location of 2θ=43°. GIXRDwas performed on the
same equipment using CuKα radiation at 40 kV and 30mA. A “Thin Film
attachment” Philips flat graphite monochromator was used, with a di-
vergence slit of 1/12°. In all cases the sample was in the same position.

In the grazing incidence configuration, the X-rays penetration depth
could be estimated using the following equation [26]:

d ¼ μ
1

sin αð Þ þ
1

sin 2θ−αð Þ
� �� �−1

ð1Þ

where α is the angle of incidence and μ is the linear absorption
coefficient.

To calculate the linear absorption coefficient, μ, the mass absorption
coefficient (μ/ρ, that depends only on the composition) should be mul-
tiplied by thematerial density, ρ. Mass absorption coefficients were ob-
tained from the literature [26] and the depth of analysis was considered
as the depth into thematerialmeasured along the surfacenormalwhere
the intensity of X-rays falls to 1/e of its value at the surface. The chemical
composition of the nitrided layer (obtained by GDOES) and the sub-
strate were used to approximate the value of μ/ρ for the treated surface
and the substrate. By assuming a substrate density of 8 g/cm3, the
resulting linear absorption coefficient resulted 2112 cm−1. In the case
of the surface, since the density is not accurately known, a first estima-
tion gave a value of 1816 cm−1. Thus, the obtained approximate values
were: (μ/ρ)surface = 227 cm2/g; (μ/ρ)substrate = 264 cm2/g. Under these
assumptions, the depths were obtained for the different angles of inci-
dence used in this study.

The corrosion behaviour of the samples UN, HN and LN was studied
by electrochemical corrosion tests. Several samples of each group were
grounded with emery paper (1000 grit) after nitriding to clean the sur-
face prior to corrosion tests. Potentiodynamic curves were recorded
with an EG&G PAR 273A potentiostat using a three-electrode electro-
chemical cell with a Ag|AgCl |KCl (saturated) as reference electrode
and a platinum wire as counter electrode. Only a circular area of 1 cm
in diameter of the samples was exposed to the test solution, sealed
Table 2
Angular positions of experimental UN, HN and LN peaks.

Reflections 2θ experimental UN 2θ experimental HN 2θ experimental LN

111 45.53° 40.87° 40.31°
200 50.61° 45.37° 45.94°
220 74.57° 67.88° 67.65°
311 90.49° 81.35° 81.57°
222 95.89° 87.98° 87.10°



Fig. 2. GDOES element (C and N) concentration depth profile acquired from HN and LN.
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and delimitated with an O-ring [27]. One group of tests was performed
in a 3%NaCl solution at room temperature, using a potential scan rate of
1mV/s. For corrosion tests simulating bodyfluid, a Ringer's solutionwas
selected for the second group of tests. The chemical composition of the
solution (in g/l) was: NaCl 9.0, CaCl2 0.24, KCl 0.43, NaHCO3 0.2 (pH: 7.8
at room temperature). The selected scan rate was also 1 mV/s. Three
testswere carried out in 3%NaCl solution and other two tests in Ringer's
solution for each group, HN, LN and UN. Curves which are representa-
tive of each group were plotted.

3. Results

SEM micrographs (Fig. 1a and b) show that the nitrided layer is
formed by an outer and an inner layer. The nitrided layers of HN and
LN are composed of two layers; in the case of HN, the uppermost is
about 15 μm and the bottom one, ~4 μm. In the case of LN, the upper-
most is ~14 μm and the bottom one, ~2.5 μm thick.

Fig. 2, obtained through GDOES, shows nitrogen and carbon concen-
tration depth profiles acquired in HN and LN samples, respectively. HN
shows a higher concentration of nitrogen and the total nitrided layer
is about 20 μm thick; whereas LN has lower nitrogen content, a larger
gradient and the total nitrided layer extends to approximately 15 μm.
The variation in nitrogen composition might correspond to the outer
layer observed in the SEM micrographs (Fig. 1). Both nitrogen depth
profiles show plateau-type shapes, slowly decreasing from the surface,
followed by a rather sharp decrease, as other authors have already re-
ported [28].

The C profiles for both samples show some small segregation of car-
bon at the end of the nitrided layer [29], a feature also observed by other
authors [30] in nitrocarburizing processes [31]. That would be the inner
layer, with not so well defined interface with the base material.

The surface hardness after the nitriding treatments in HN and LN
samples, increased from 170 HV0.05 in the initial state to 1125 ±
70 HV0.05 and 1090 ± 50 HV0.05, respectively. Microhardness profiles
(Fig. 3) from the surface to the basematerial shows a transition correlat-
ed with the N composition profiles of Fig. 2.

The diffractograms of UN and HN samples are shown in Fig. 4a. The
patterns corresponding to HN present the peaks corresponding to the
expanded austenite, γN, and small amounts of iron F2,3N and Fe4N and
chromium nitrides (CrN). Table 2 presents the 2θ positions of the ob-
served peaks.

From the analysis of the Fig. 4 and Table 2, it is noted that the exper-
imental peaks of expanded austenite, γN, for HN and LN, are broadened
and also shifted to lower angles 2θwith respect to the substrate austen-
ite UN. With the position of the experimental peak (111) and Bragg's
law, a lattice expansion in 12% average for both nitrided samples was
calculated. The shift effect of the peaks could indicate the presence of
compressive residual stresses [17] and/or stacking faults that can
occur in fcc structures [32].
Fig. 1. Cross-section SEM micrograph of an AISI 31
Table 3 presents reflections that were unambiguously identified
with different nitrides, for example, peaks in 2θ = 63.62° with CrN in
HN, 57.8° with Fe2,3N in HN, 33.7° and 70.2° with Fe4N in LN.
3.1. Grazing incidence X-ray diffraction

X-ray penetration at 2θ = 30° and 55° are shown in Table 4. Since
the penetration for 10° and higher angles is practically equal to the pen-
etration at normal incidence in the Bragg Brentano geometry, and the
patterns obtained for 2.5° were very similar to those for 1°, those XRD
patternswill not be presented here. Therefore, only the patterns obtain-
ed at 1° and 5° for HN and LN samples will be referred in following
discussions.

X-ray spectra at 1° for HN and LN are shown in Fig. 5a. In the case of
HN, the peaks corresponding to CrN, Fe3N and Fe4N and expanded aus-
tenite are clearly noticed. Furthermore, there is evidence of αFe (110)
that occurswhen the expanded austenite phase shifts fromametastable
phase into two stable phases (αFe and Cr nitrides), when the tempera-
ture and the nitrogen percentage are sufficiently high [16,33,34]. In-
stead, in the LN sample, only peaks of expanded austenite and Fe4N
are observed, whereas neither CrN nor Fe3N were detected.

Fig. 5b and c shows a comparison of spectra obtained at 1 and 5°
fromHN and LN, respectively. They clearly show that in the 5° patterns,
the contribution of all nitrides is lower than in the 1° spectrum and in
LN, γN peaks are observed.
6L treated by ion nitrided (a) HN and (b) LN.



Fig. 3.Microhardness depth profiles of the nitrided HN and LN samples.

Table 3
Reflections corresponding to Fe nitrides and Cr nitrides in HN and LN.

2θ Fe4N (HN and LN) 2θ Fe2,3N (HN) 2θ CrN (HN)

23.6° 38.1° 37.4°
33.7° 40.8° 43.5°
41.1° 43.3° 63.6°
48.0° 57.8° 76.3°
70.2° 68.8° 80.3°
84,8° 76.3° –
89,5° – –
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3.2. Corrosion tests

Fig. 6a displays the potentiodynamic polarization curves, showing
the dependence of the current density j (in logarithmic scale) with the
Fig. 4.X-ray spectra of (a)HN and (b) LN, both compared to the non nitrided sample (UN).
electrode potential E obtained in the environment of 3% NaCl solution
for UN, HN and LN at room temperature.

The UN sample shows the typical behaviour of 316L, where the an-
odic branch of the curve presents the active-passive transition
(pitting-passivation) followed by a passivation zone and finally by
pitting corrosion and dissolution of the material. Localized corrosion,
due to the action of chloride ions, starts at +0.30 V and manifests as
spikes, which signals the onset of the pitting/repassivation process. Fur-
thermore, the sharp increase in current at 0.37 V shows the evolution of
pitting corrosion. Results of the three groups of samples are summa-
rized in Table 5. HN and LN curves appear different. In the case of the
HN, the corrosion potential is the most negative one, and the current
does not show a true passive behaviour of the material at positive po-
tentials, even though current increase is limited in someway, especially
in the case of HNbut current density is two decades higher thanUN. The
corrosion potential of LN is between UN and HN and the passive win-
dow is narrow. The current density of HN and LN is greater than the
UN, although LN has a current density 30 times lower than HN at
2.5 V, the passive region of UN, and therefore a better performance
against corrosion can be expected in this medium. The corrosion poten-
tial of HN is the most negative (least noble), followed by LN and UN.

Fig. 6b shows the potentiodynamic curves of UN, HN and LN in the
Ringer's solution, and it was observed that the LN exhibits the noblest
corrosion potential followed by UN and HN. The typical behaviour of
pitting corrosion was observed for UN at +0.37 V and could not be
clearly identified in the other samples. Regarding the current density,
the HN had a current density greater than UN while in LN was lower
throughout the test.
4. Discussion

SEMmicrographs of Fig. 1 show that the nitrided layer appears clean
in both nitriding conditions, continuous and uniform. In the optical mi-
crograph it can also be seen free of dark areas associatedwith chromium
nitride formation (CrxN) [35] and resistant to Marble reagent [36]. Also,
as other authors discuss [29] the nitrided layer can be composed by an
outer and an inner layer, with different N content and the inner layer
is constituted by a γC carbon solid solution. Notably, at the end of nitrid-
ed layer, HN and LN, have shown a greater concentration of C than the
average of thematerial. Carbon is contaminant coming from the reactor
walls, and it is pushed back by N ions, this phenomenon is called
“sweeping” [13,37,38].
Table 4
Penetration of X-rays at different angles.

Angle of incidence X-ray penetration for different 2θ
[nm]

30° 55°

1° 93 94
2.5° 219 228
5° 398 431
10° 634 768
Normal 713 1271



Fig. 5. X-ray patterns acquiredwith incidence of (a) 1°, comparing HN and LN. (b) and (c)
1 and 5° for each sample HN and LN respectively.

Fig. 6. Potentiodynamic curves of UN, HN and LN in (a) 3% NaCl solution and, (b) Ringer's
solution.
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This fact was proved with GDOESmeasurements presented in Fig. 2,
showing the nitrogen depth profiles after ion plasma nitriding where N
gradually decreaseswith depth, as reported by other authors [39]. How-
ever, this profile does not correspond to that obtained for the standard
analytical equations of diffusion [39] which is due to sputtering effect
that usually modifies N diffusionwith respect to standard Arrhenius be-
haviour [39]. In fact, the thickness of the nitrided layer can be modified
through the partial pressure of N in the treatment atmosphere as it was
observed in thiswork and also previously [40,41]. The higher concentra-
tion of N led to an increased thickness of the nitrided layer, as was ob-
served in HN compared to LN. Also, the high concentration of N
observed in the area near to surface, could be due to the excess of N in
the surface and some defects as such as dislocations, stacking faults,
etc., product of the sputtering [1,39].

XRD analysis shows that theγN, detected onHNand LN samples, has
peculiar features compared with γ of UN. Peaks of nitrided layer appear
at lower Bragg angles than the peaks of UN. This effect may indicate ex-
pansion of the lattice owing to nitriding [17,42], presence of residual
stresses, stacking faults [32] or porosity [1]. In addition to the shift in
peaks position, the peaks are also broadened, which could be related
tomicrostresses [1]. It should be noted here that there is no appreciable
difference between HN and LN samples.

It is known that compressive residual stresses may contribute to
higher surface hardness [1,30,43]. Also the surface hardness and micro-
hardness profiles were similar between HN and LN, microhardness de-
creases gradually from the surface to base material (170 HV0.05), profile
with the same shape as N concentration profile in Fig. 2; therefore
GIXRD was carried out.

Fig. 5a and b show the GIXRD diffraction of the HN and LN obtained
by 1 and 5°. This provides a qualitative comparison of the phases pres-
ent at different depthswithin the nitrided zone. In Fig. 2, it was observed
that the nitrogen concentration decreases from the surface to the sub-
strate, therefore it could be expected that theγN peaks to shift gradually
to higher angles with increasing depth into the nitrided layer (1 and 5°
byGIXRD) [44]. However, excess nitrogen in the surface leads to decom-
position of the γN phase intoα and iron and chromium nitrides [45]; ef-
fect that is mainly observed in HN resulting in a decrease in corrosion
resistance. In LN the diffractogram shows Fe4N and γN phase, but no
Cr nitrides. These results indicate that the fractions of the CrN, Fe3N
and Fe4N nitrides decrease continuously from the surface in HN and



Fig. 8. Optical micrographs of the open tested surface in (a) HN sample, (b) LN sample.
Small pits can be observed.

Fig. 9.Untreated sample surface under the O-ring after corrosion tests in Ringer's solution.
Crevice corrosion could also be observed here.

Table 5
Quantitative results of corrosion tests in NaCl solution.

Samples Epitting (V) Ecorr (V) J (A/cm2) at −0.25 V

HN – ~−0.3 4.7 × 10−3

LN – ~−0.1 1.5 × 10−4

Untreated ~+0.40 ~+0.05 6.3 × 10−5 (*)

(*) Passivation Current Density.
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the sameoccurs in LN (except CrN). Fig. 2 demonstrates that the volume
fraction of the nitrides at the surface layer decrease steadily with a de-
crease in the nitrogen percentage in the plasma nitriding atmosphere.

The potentiodynamic anodic polarization curves for the UN, HN and
LN in 3% NaCl solution show that the corrosion current density for the
UN sample is lower than the LN and HN samples, indicating that the
UN is less reactive than LN and HN in the passivity potential range. HN
and LN present corrosion potential shifted in the negative direction
(Ecorr =−0.30 V for HN). The corrosion current for HN and LN, respec-
tively, are higher than UN, although corrosion current density of LN is
lower than HN, and therefore present an improvement in corrosion re-
sistance. Moreover, in the nitrided sample there was no abrupt current
density increase as in the case of UN, just because there was no sign of
crevice attack, as it can be seen in the micrographs showing that in
the untreated sample, crevice corrosion was localized under the O-
ring (Fig. 7). The nitrided layer is not passive but the current increase
is limited by the pits small area. Clearly, the current density in both
caseswas kept far below theUN for high potentials. In the nitrided sam-
ples, small pits could be observed on the corrosion surface but not crev-
ice, as it is shown in Fig. 8a and b.

Corrosion measurements demonstrate that the processing atmo-
sphere during the plasma nitrided treatment has an important effect
on the corrosion properties.

The plasma-nitriding improves the corrosion resistance when the S
phase, a nitrogen supersaturated solution into the austenite phase, is
formed.M.K. Lei et al. [46], among others [47], noted that a high concen-
tration of nitrogen in nitrided layer (~32%) could delay pitting corro-
sion. The nitrogen in solution has an important role in improving
electrochemical properties by forming ammonium ions which facilities
the change of pH producing a local neutralizing effect at active sites.
Moreover, nitrogen stabilizes the oxide film at the surface, preventing
attack from chlorides anions [11,12]. However, as L. Gil et al. [48] report-
ed for nitriding of stainless steels, our results for HN showed a negative
effect on the corrosion resistance. This behaviour could be associated
with the precipitation of CrN in the nitrided layer, which contributed
to the depletion of chromium in the matrix. If the chromium content
is below 11%, the steel is sensitized and when is exposed to an aggres-
sive medium it is attacked [2,3,49,50]. In sample LN, CrN precipitation
was avoided and the presence of Fe4N did not deteriorate the corrosion
resistance. This does not coincidewithwhat is stated in thebibliography
in which only phase S without nitrides presents good behaviour to-
wards corrosion, if there is a mixed phase (nitrides and expanded aus-
tenite), the corrosion behaviour is similar to that of stainless steel [46].
But it does coincide to a certain extent with what some authors say
Fig. 7. Optical micrograph of untreated sample surface under the O-ring after corrosion
tests in 3% NaCl solution.
that there is a certain proportion of iron nitrides which can enhance re-
sistance of nitrided steel [4].

The corrosion test in the Ringer's solution, Fig. 6b, shows that the LN
curve is shifted at a more positive corrosion potential than UN. HN and
LN curves indicate an active dissolution of the metal at more positive
potentials than the corrosion potential. Even though, the LN sample ex-
hibits a nobler corrosion potential than HN and UN, which also has the
lowest current corrosion density among all samples.

Regarding the type of corrosion attack, crevice corrosion was ob-
served in the untreated sample (Fig. 9). In the LN sample, no crevice
was observed and only pitting corrosion could be detected (Fig. 10b);
also grinding scratches can be seen before and after the corrosion test
(Fig. 10a and b). However, the HN sample presented general corrosion
combined with the formation of numerous pits as it can be observed
in Fig. 11b, where the corrosion products covered all grinding scratches
that could be seen before the test (Fig. 11a).

The LN sample had a certainly better corrosion resistance in Ringer
solution than the untreated AISI 316L. In the literature, it is reported
that the S-phase has the corrosion potential of stainless steel but it pre-
sents a pitting potential higher than stainless steel in Ringer's solution
[51]. Some authors indicated that the high pitting potential of S-phase
is related to its dissolving reaction ([N] + 4H+ + 3e → NH4

+) for S-
phase, it depends on the supersaturation of nitrogen in γ-phase and it
can occur in Ringer's solution with pH from 3.5 to 7.2. The NH4

+ ions
have a local neutralizing effect in acidic pits on the corroded surfaces, in-
creasing the pitting corrosion resistance in this solution [20]. This
Fig. 10. (a) Open tested surface of the LN sample before corrosion tests in Ringer's solution
(b) Open tested surface after corrosion tests in Ringer's solution.



Fig. 11. (a) Open tested surface of the HN sample before corrosion tests in Ringer's solution (b) Open tested surface after corrosion tests in Ringer's solution.
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reaction also can take place for other nitrogen-containing phases such
as Fe4N [20]. It is possible that in the LN sample, this reaction was fa-
vored due to the presence of S-phase and Fe4N.

5. Conclusion

316L Sampleswere nitrided in two different N content atmospheres.
The samples present a similar N concentration profiles, although HN
shown a greater nitrogen content at all depths and a slightly higher pen-
etration. However, microhardness profiles were similar to XRD diffrac-
tion. GIXRD diffraction confirmed the presence of CrN, Fe3N and Fe4N
in HN samples and the absence of CrN in LN ones. This would explain
that LN samples presented a better corrosion performance than HN
samples, especially in Ringer's solution, where the nitrided samples
with a lower nitrogen percentage presented a better behaviour than
the base material.

This result is important regarding the use of DC ion nitrided steels for
biomaterials, not only the temperature but also de nitrogen partial pres-
sure is determinant to the microstructure and as a consequence to the
corrosion resistance.
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