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Some rings of different colors are formed when cylindrical stainless steel samples are plasma nitrided. They
appear because of a phenomenon known as the edge effect associated with this technique. In this paper, we
discuss some of the characteristics of these rings formed in nitrided AISI 316 L austenitic stainless steel:
dimension, microhardness, composition, and corrosion resistance. Two cylindrical samples with different
diameters were plasma nitrided in a 80% H2–N2 gas mixture, at a pressure of about 4 torr, for 4 h, at
TN=400 °C. One of the samples was surrounded by another ring-shaped sample, whose dimensions were
chosen to contain the rings formed during the nitriding process. Consequently, rings of different dimensions
were produced. The composition of samples was identified by conversion electron Mössbauer spectroscopy
(CEMS) and Glancing angle X-ray diffraction (GAXRD). Regarding their relative dimensions, the rings showed
similar characteristics, in spite of their different diameters. The samples displayed higher values of hardness
in their rings than in their central regions. GAXRD detected peaks of Cr2N on the rings and of the expanded
austenitic γN phase in the central region. CEMS results demonstrated the presence of the paramagnetic γN

and ε phases. The proportion of these phases was consistent among the samples, regardless of their
diameters. Concerning corrosion, the samples with a ring showed a poorer corrosion resistance than those
without a ring. All results are in agreement with the presence of chromium nitride Cr2N on the ring of each
sample.
sio).
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1. Introduction

Austenitic stainless steels offer good resistance to general
corrosion due to the formation of a passive surface film. For this
reason, they are widely used in many industrial fields. However, the
low hardness and poor tribological properties of these materials can
shorten the life of components subject to wear. Some techniques, such
as plasma nitriding [1–5], form a surface coating which improves the
characteristics of stainless steel components.

Plasma nitriding improves various physical properties of metallic
surfaces, such as hardness, wear and corrosion resistance, promoting
the use of nitrided samples. This process also has advantages when
compared with conventional nitriding processes, for example: non-
emission of pollutants, energy saving, and shorter treatment time,
despite some inconvenience when components with complex
geometry are treated. For instance, plasma nitriding has an associated
phenomenon known as the edge effect, which produces a non-
uniform surface on cylindrical samples with different colors in the
central and peripheral regions. The edge effect occurs because treated
samples are submitted to a high cathodic potential to produce plasma
directly on their surface. As a result of distortions in the electric field
around the corners and edges, the shape of the plasma sheath, which
is associated to the shape of samples, determines ion flux distribution,
creating erosion rings characterized by different colors and discon-
tinuous hardness. This effect occurs mainly in the treatment of
materials containing a high percentage of alloy elements, such as
chromium, which produces nitrides, as in the case of AISI 316 L [6,7].

The aim of this research is to investigate the following character-
istics of the rings formed in nitrided AISI 316 L austenitic stainless
steel: dimension, microhardness, composition, and corrosion
resistance.

2. Materials and methods

In this study, we used the AISI 316 L stainless steel produced by
Villares Metals. Its chemical composition (in wt.%) is: Cr (17.03), Ni
(10.16), Mo (2.16), C (0.03), and Fe balance. Three disks, named here
samples A, B, and C, and a ring, named sample D, were prepared. Their
dimensions are reported in Table 1.

All samples were ground using sandpaper from 220 to 1200 mesh,
polished with alumina (0.3 and 1 μm), cleaned ultrasonically in an
acetone bath, and finally air-dried. Next, they were plasma nitrided in
equipment with d.c. power supply during 4 h. The gas composition
was 80% H2–N2, at a pressure of about 4 torr. The voltage (∼450 V)
and current density (∼500 mA) were adjusted to maintain the
cathode temperature (or nitriding temperature, TN=400 °C). The
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Table 1
Sample dimensions (±0.05 mm).

Sample Diameter Thickness Internal diameter External diameter

A, B, C 19.70 3.90 – –

D – 3.90 19.70 31.60

Fig. 1. Visual aspect of nitrided samples, whose different regions are classified according
to their distinct colors. Corrosion tests were performed within the white circles.

Fig. 2. SEM micrographs of samples C (a) and B (b).
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temperature was measured with an alumel–chromel (type K) long
rod thermocouple placed underneath the sample.

Sample A was not nitrided to be used for comparison.
Sample D dimensions were chosen to contain the darkest ring

formed during the nitriding process, so that sample C, placed inside
sample D, could show a uniform color.

This study applied conversion electron Mössbauer spectroscopy
(CEMS), X-ray diffraction (XRD), and Glancing angle X-ray diffraction
(GAXRD) to identify the phases formed during plasma nitriding.

The Mössbauer spectrometer was calibrated using α-Fe as a
reference, operating in a conventional constant acceleration mode,
using a backscatter-type gas-flow detector and a 50 mCi nominal
activity 57Co(Rh) source. The escape depth of conversion electrons is
estimated at about 0.4 to 0.5 μm [8].The detection chamber was self-
built, with a 95% He–CH4 gas mixture flux. Sample analyses were
conducted at room temperature and data collected in a multichannel
analyser (MCA) to obtain a spectrum of a count rate against source
velocity. The amount of each constituent (which contains Fe) in a
sample was determined based on the areas under the relevant peaks.

The XRD spectra of untreated and nitrided samples were obtained
using a Rigaku (Geigerflex model) diffractometer, Cu Kα radiation
(λ=0.154056 nm). The conditions were: 2θ scan step 0.02°, ranging
from 30° to 100°, 2 s counting time. The penetration of conventional
X-ray into the sample was ≈3 μm from the surface [9].

The GAXRD spectra of samples B and C were obtained using a
Rigaku (Rint-2000) diffractometer, Cu Kα radiation. The conditions
were: incident angle fixed at 3°, 2θ scan step 0.02°, ranging from 30° to
45°, 13 s counting time. For this incident angle, the X-ray reaches the
thickness of ≈0.6 μm, which is nearly the same as the one probed by
the CEMS.

Surface hardness was measured with a Leica microhardness tester
(model VMHT-MOT) using a Vickers indenter at a load of 10 g.
Hardness was measured at different positions, equally spaced at
0.3 mm apart from each other, aiming at achieving more represen-
tative results.

Electrochemical experiments were performed in a conventional
Pyrex cell, using untreated (A) and nitrided (B and C) samples as
working electrodes (with approximately 0.20 cm2 of exposed surface
area) and a platinum sheet as the counter electrode. Potentials were
referred to the saturated calomel electrode (SCE) in a KCl solution. All
electrochemical experiments were performed at room temperature
and in 3% NaCl aerated electrolytic solution, using Autolab PGSTAT 30
Potentiostat/Galvanostat (Ecochemic, The Netherlands). Potentiody-
namic polarization curves were obtained by means of GPES Autolab
Software from a cathodic potential (−1.0 V(SCE)) to an anodic
potential (+1.2 V(SCE)) at a sweep rate of 1 mV s−1. A microstructural
analysis was carried out to evaluate corrosion morphology and the
extent of the damage on the surface of untreated and nitrided samples
after polarization tests, using a JEOL scanning electron microscope
(model JSM-5800 LV). This same equipment was used to measure the
thickness of the nitrided layer as well.

3. Results and discussion

Fig. 1 shows pictures of the nitrided samples. An initial visual
analysis suggests that regions can be classified according to their
color. Thus, the borders of samples B and D, named here as rings, are
light gray, and were labeled 1 and 4, respectively. Towards the center,
there is a region in shades of blue and brown, labeled 2 (sample B) and
5 (sample D). The central region of sample B is dark yellow, labeled as
number 3. Sample C, which was nitrided inside ring D shows the same
yellow shade and was labeled 6.

3.1. Nitrided layer depth and hardness measurements

Fig. 2 (a) and (b) show the Scanning ElectronMicroscopy (SEM) of
a section of the samples B and C to illustrate the measurements of the
depth of the nitrided layers.

The arithmetic mean value of 13 different measurements for both
samples was done. The depth of sample C is 2.3±0.2 μm. For sample
B, two options of depth are possible: the bigger one at the top or the
smaller one at the bottom, in Fig. 2 (b). The smallest was chosen
(1.5 ±0.1 μm) because of its consistency with the discussion below.

Regarding the hardness measurements, the arithmetic mean value
of 10 measurements on the surface of sample A is 183±27 HV0.01.

Fig. 3 depicts hardness values in different regions (numbered 1 to
6, according to Fig. 1) on the surface of the nitrided samples B, C, and
D. The mean value for each region is represented by a continuous line.
The indent penetration during hardness measurements was between
approximately 0.66 μm (region 4) and 1.3 μm (region 2).



Fig. 3. Hardness in different regions of the nitrided surface of samples B, C, and D.
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Treated samples show higher microhardness values when com-
pared with sample A, which was untreated.

Hardness reaches a maximum value in regions 1 and 4, decreasing
abruptly in regions 2 and 5. Towards the center of the sample, there is
a small interface region after which hardness increases again and
tends to stabilize in central regions 3 and 6. This behavior was
observed by Alves Jr. et al. as well [6].

Table 2 shows the estimated extension of regions marked in Fig. 1,
as well as the arithmetic mean values of hardness in the intervals
marked in Fig. 3. The last row displays the hardness values obtained
by Alves Jr. et al. [6].

Based on this table, one can see that, despite their different
diameters, the extension of equivalent regions in samples B (1 and 4)
and D (2 and 5), shown in the fourth row, agree to better than 98%.

Table 3 shows the ratio between the respective hardness values of
equivalent regions in samples B, C, and D. These values lack precision,
however, compatibility can be observed among them in both
situations: sample B and group C+D. As Tables 2 and 3 show, the
rings formed in samples B and D have the same characteristics.
Therefore, rings do not seem to depend on sample geometry, at least
not in their current dimensions.

It is appropriate to compare the hardness values obtained in our
study with those obtained in a similar nitriding gas composition [6]. A
gas composition exerts considerable influence on hardness [10],
whereas gas pressure practically does not affect it [11]. Although Alves
Jr. et al. [6] conducted their study with a smaller sample than the ones
used in our investigation, the hardness values they obtained
(mentioned in the last row of Table 2) are higher than ours. In a
Table 2
Measurements of region extension and mean hardness values for samples B, C, and D.

Position Border or ring Intermediate Central

Sample B D B D B C

Region 1 4 2 5 3 6

Extension
(mm)

1.31±
0.06

1.33±
0.05

4.72±
0.08

4.63±
0.07

3.82±
0.09

9.85±
0.08

Mean hardness
(HV0.01)

652±
70

1244±
90

206±
20

360±
30

431±
40

775±
80

Hardness (HV0.1)
Ref. [6]

1250 300 500
preliminary approach, this seems to contradict our results. However,
despite similar gas composition in both studies, Alves Jr. et al. adopted
a longer treatment time (5 h) and higher temperature (500 °C). Both
variables favor higher hardness values in nitrided layers [12–14].

On the other hand, the hardness value in region 6 is compatible
with values measured by other authors, 750 HV0.1 [15], who
conducted their research under conditions similar to ours, except
for pressure, which in their case was of 6 mbar (4.5 torr).
3.2. X-ray diffraction (XRD)

Fig. 4 shows the XRD diffractograms of samples A, B, C, and D.
Sample A shows austenitic FCC γ phase peaks. In addition to

substrate peaks, samples B, C, and D show broad γN phase peaks
shifted to lower angles. Probably, peak broadening is a result of
nitrogen gradient, residual stresses, and possible defect structure in
the nitrided layers [16]. Other possible phases produced during the
nitriding process are ε-Fe2+ xN (hexagonal) or γ′ (f.c.c.) and
chromium nitrides [12,14,17]. Peak positions in each phase are
marked below the X-ray diffraction patterns of the samples in Fig. 4.

Comparing the XRD of samples B and C, one can see that:Sample B
shows much more γ phase than sample C, indicating that sample B
has a thinner nitrided layer than sample C, as was indicated at the
bottom of Fig. 2 (b). It also agrees with the smaller value for hardness
in region 3 (431 HV0.01) compared to region 6 (775 HV0.01), as shown
in Fig. 3 and Table 2. The γN phase of the sample with ring (B) is closer
to the γ phase than the sample without ring (C). It indicates that
the γN phase presents more N for C than B [18].

Moreover, Fig. 5 shows GAXRD diffractograms of samples B and C.
It clearly shows the presence of the Cr2N phase on the surface of
sample B. It explains why the γN phase of this sample presents less N
than sample C due to the fact that part of the Nitrogen is used to form
this Cr2N phase.
Table 3
Ratio between measured hardness values for equivalent regions in samples B, C, and D.

Equivalent regions in
samples B, C, and D.

1 and 2 4 and 5 1 and 3 4 and 6

Ratio between hardness values 3.2±0.7 3.5±0.7 1.5±0.3 1.6±0.4



Fig. 4. X-ray diffraction patterns of nitrided samples A, B, C, and D.

Fig. 6. CEMS data for samples A, B, C, and D.
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The presence of Cr2N on sample B can also explain the highest
values for hardness on the ring region, since its hardness value is
higher than 1479 HV [19,20]. Moreover, Borgioli et al. [12] suggested
that this constituent tends to be concentrated in the outer part of the
modified layer. Even though a temperature of 400 °C was used, it
possibly exceeded 420 °C in sample borders due to edge effects. At this
temperature, the solubility limit of nitrogen in the austenitic structure
is reached, the metastable γN phase is decomposed, and precipitation
of Cr nitrides occurs, which is relatively stable [15,21]. Consequently,
the γΝ phase decreases as can be seen in the XRD patterns, Fig. 4,
where samples B and D, which contain rings, show smaller amounts
of γΝ phase than C, without rings.

Taking this into account, results for XRD, GAXRD and hardness are
consistent and also indicate that there is Cr2N in the ring.

3.3. Conversion electron Mössbauer spectroscopy (CEMS)

Fig. 6 shows CEMS data for samples A, B, C, and D.
The spectra analysis shows that the surface of the untreated

sample is represented by parameters IS=−0.09 mm/s and
Fig. 5. GAXRD diffraction patterns of samp
QS=0.13 mm/s, which means that the austenitic f.c.c. symmetry is
affected by the Fe atom neighbors. Besides this substrate spectrum,
samples B, C, and D also display the γN phase and the hexagonal ε
phase (Fe2+ xN) spectra, with different stoichiometries for the last
one.

Table 5 shows the values of hyperfine parameters obtained from
the fittings, the quadrupole splitting (QS), the isomer shift (IS), and
the relative fraction (RF). These parameters are similar to others
published previously, according to the references shown in the right
column [22–25].

Regarding the γ phase of the substrate in different samples, one
can see that the QS value is higher in the nitrided samples. As this
les C (without ring) and B (with ring).



Fig. 7. Potentiodynamic polarization curves of samples A, B, and C in 3% NaCl aerated
electrolytic solution.
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parameter indicates a decrease in the FCC cubic symmetry caused by
the Fe atom neighbors, this higher value of QS can be understood as
the production of more Fe atom neighbors by the nitriding process.

The γN phase has the magnetic properties of a soft material, which
means that it presents the paramagnetic state (singlet in CEMS) for
smaller concentrations of N and themagnetic state (six-line pattern in
CEMS) for greater concentrations [26].

It is interesting to compare the present results with the previous
ones for 316 L [17], where it was observed that the γN phase was
formed in both states (magnetic and paramagnetic). Here, only the
paramagnetic state was observed, indicating less N in this phase.
These results are compatible with the X-ray measurements because
here (Fig. 4) the first one of the γN peaks dislocates less (up to 42°)
while the previous dislocation reached up to 40°. Consequently, both
current results, XRD and CEMS indicate less concentration for N in
the γN phase for the present study.

Concerning the ε phase (Fe2+ xN), depending on the value for x, it
can show both hyperfine interactions in CEMS: magnetic and
paramagnetic (doublet in CEMS). Here we observe only the last one.

To compare the results for samples B and C+D, the values of the
relative fraction phase (RF) were normalized on the surface area of
this group. These values are represented in the last three rows of
Table 4 (16%, 58%, and 26% for γ, γN, and ε (or Fe2+ xN), respectively).
These results are compatible with the corresponding values of sample
B, which are in agreement with the discussion concerning ring based
on Tables 2 and 3.

An examination of the sample group C+D reveals that the ε-
Fe2+ xN phase is concentrated more in the center (38%) than on the
border (18.4%). Besides, in the center, the value of x is smaller
(xb0.20) than on the border (x=0.6). It means that, proportionally,
more N is available in the ε-Fe2+ xN phase in the center than on the
border. Since the GAXRD results indicated the presence of Cr2N in the
ring, the amount of available N in this position is reduced to form the
ε-Fe2+ xN phase. Therefore, there seems to be some agreement
between these results (GAXRD and CEMS) because both suggest the
presence of Cr2N in the ring.

3.4. Corrosion behavior

The potentiodynamic polarization curves for nitrided AISI 316 L
stainless steel samples A, B, and C are shown in Fig. 7. The corrosion
tests were performed in the regions indicated in Fig. 1.

The linear voltammetry of the untreated sample A is also reported
as a reference in the same experimental conditions. Both untreated
and nitrided samples show the typical corrosion behavior of a passive
material subject to pitting corrosion (or localized corrosion). Based on
these curves, the corrosion potential (Ecorr) and the anodic current
density (j), for potential values E=0.1 V, E=0.5 V and E=1.0 V, are
Table 4
Hyperfine parameters obtained from the fittings: QS: quadrupole splitting; IS: isomer
shift; RF: relative fraction. Typical errors are ±3%.

Sample Phase QS (mm/s) IS (mm/s) RF (%) Ref.

A γ 0.13 −0.09 100 [22]
B γ 0.17 −0.11 18.7 [22]

γΝ 0.00 −0.03 56.8 [23]
ε-Fe2.6 N 0.70 0.30 24.5 [24]

C γ 0.17 −0.11 15.8 [22]
γΝ 0.00 −0.03 46.2 [23]
ε-Fe2+ xN
(x=0.0; 0.08 or 0.20)

0.30 0.45 38.0 [23,25]

D γ 0.17 −0.11 16.1 [22]
γΝ 0.00 −0.03 65.5 [23]
ε-Fe2.6 N 0.70 0.30 18.4 [24]

C+D γ 16.0
γΝ 58.0
ε-Fe2+ xN 26.0
given in Table 5. As can be seen from Table 5, the nitrided sample C
(region 6) shows a more positive Ecorr value than the nitrided sample
B (regions 1 and 2). Moreover, the Ecorr value of the untreated sample
is clearly lower when compared with nitrided sample values.

A passive behavior is observed in sample A, and pitting begins at a
potential value of about 0.20 V. With further anodic polarization, the
current density increases abruptly at potentials above 0.20 V for this
sample, indicating a much higher dissolution than in samples B and C.
Therefore, the current density value of about 9.7×104 μA cm−2 (for
E=1.0 V) contributes to the development and growth of pits on the
surface of sample A. As for sample B (regions 1 and 2), the current
density value, for E=1.0 V, was j≈9.4×104 μA cm−2, whichwas very
close to the value obtained for sample A at the same potential. As
mentioned before, the Cr2N is present in the ring. So, the region (1)
does not contain a sufficiently high chromium concentration and it is
subject to an active corrosion process [12,27–29].

On the other hand, the current density value (for E=1.0 V)
obtained for sample C was about 8.0×103 μA cm−2, which shows a
displacement of the current density towards lower values for this
sample, indicating a lower dissolution rate of the pits. This may be due
to two factors:

1) The larger concentration of the hexagonal ε (Fe2+ xN) phase in the
center (sample C, 38%) than in the border (sample B, 18.4%), as
deduced from the CEMS analysis. As observed by Jirásková et al.
[23], the hexagonal ε (Fe2+ xN) phase can reduce the dissolution
rate of pits formed in the presence of aggressive ions.

2) The larger concentration of nitrogen in sample C than in sample B,
which facilitates the change of pH, having a neutralizing effect on
the acid pits on the corrosion surface [30].

It is interesting to compare the anodic current density (Table 5) of
the present results for 316 L with some previous results, obtained for
316 L samples nitrided at 6 mbar (4.5 torr) and under the same
conditions of time and temperature [17]. For this comparison, a
Table 5
Corrosion potential (Ecorr) and anodic current density (j), for potential values E=0.1 V,
E=0.5 V and E=1.0 V, for untreated and nitrided samples.

Samples Ecorr
(V(SCE))

j [for E=0.1
V(SCE)]
(μA cm−2)

j [for E=0.5
V(SCE)]
(μA cm−2×103)

j [for E=1.0
V(SCE)]
(μA cm−2×104)

A (untreated) −0,20 0.24 23.9 9.63
B (with ring) −0,16 0.49 4.23 9.37
C (without ring) −0,11 1.23 1.45 0.78
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current density value (for E=1.0 V) was normalized in relation to the
untreated sample. Consequently, the ratio 0.78/9.63=0.081 obtained
in this study can be comparedwith the previous ratio 5.7/280=0.020,
which is much better than 0.081. Thus, the surface produced at
4.5 torr showed a stronger corrosion resistance than that produced at
4 torr. The highest concentration of nitrogen in the γN phase of the
previous study [17] can explain this behavior [30].

3.5. Scanning Electron Microscopy (SEM)

Fig. 8 shows the Scanning Electron Microscopy (SEM) of untreated
(sample A, Fig. 8a) and nitrided (sample B, regions 1 and 2, Fig. 8b;
and sample C, region 6, Fig. 8c) samples of AISI 316 L stainless steel
after polarization tests at 3% NaCl aerated electrolytic solution.

These figures illustrate the presence of a larger quantity of pits
distributed on the surface of untreated sample A, whereas a smaller
quantity of pits is observed in the nitrided sample C (region 6). The j/E
potentiodynamic profile of sample C (region 6) in amediumof aggressive
Fig. 8. SEM micrographs of samples A (a), B (b) and C (c) after polarization tests at 3%
NaCl aerated electrolytic solution.
ions of lower current density value (about 0.8×104 μA cm−2, for
E=1.0 V) shows pits considerably smaller in amount and size than the
other samples (Fig. 8 (a) and (b)), as was expected.

4. Conclusion

This paper presents a study of some of the characteristics of the
rings formed in nitrided AISI 316 L samples, whichwere preparedwith
two different diameters. The following conclusions were reached:

(1) Both samples showed the same ring characteristics regarding
dimensions and hardness.

(2) XRD results showed the γN phase. In the ring, the N
concentration is less than in the central region. Besides this
phase, GAXRD also showed the presence of Cr2N in the ring.

(3) CEMS results showed γN and ε phases, neither of them in the
magnetic state. The normalized fractions of each of the phases
are compatible concerning the different regions (border and
central) of the samples.

(4) The sample with a ring showed poorer corrosion resistance
than the sample without it.

(5) All results (corrosion tests, CEMS, XRD, GAXRD, and micro-
hardness) are compatible with the presence of Cr2N in the ring.
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