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In this paper, the influence of gas nitriding (80% H,-20% N,) pressure (between 3 and 7 Torr)
on the modification of surface properties of AISI 316L stainless steel is examined. The structural,
mechanical, tribological and electrochemical properties of the layer produced in disk samples were
studied. The samples’ characteristics were determined by scanning electron microscopy, X-ray diffraction,
electrochemical potential curves, microhardness, roughness and wear tests. When pressure increases,
the microhardness, elasticity and thickness also increase. The maximum thickness of the nitrided layer
was 6.4 um, the hardness reached 2200 HV .- and the mass loss decreased until 1% relatively to
the unnitrided sample. The X-ray diffractograms showed the presence of the expanded austenite in
all the samples. The correlation between these diffractograms and the corrosion results corroborate
to the most recent previous conclusions of our systematic study, which evince the interconnection
between the improvement of the corrosion resistance and the presence of nitrides on the top of the
nitrided layer. More significant presence of such nitrides was observed for the sample nitrided at 6
Torr, whose corrosion performance was better than for the other samples. This pressure seems to be
the most indicated to improve the properties under study. Moreover, the results verified not only that
the sample geometry is an important factor for enhancing these properties but also that the border
effect, which causes the rings on the disk border, depends on the pressure, but not on temperature or

time from the plasma nitriding process.
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1. Introduction

As stainless steels ASTM F138 and AISI 316L are widely
used in many areas, such as chemical and petrochemical
processing, aerospace and automotive industries, as well
as in biomedical engineering, as an implant material,
studies on these materials have received great attention !4,
The important properties in this context are high hardness,
wear resistance and also corrosion resistance, which can be
improved by plasma nitriding. For nitriding temperatures up
to 400 °C, a nitrided layer of some micrometers is formed.
It is composed by the composite layer, which consists of
iron and chromium nitrides and concentrates on the surface,
as well as the nitrogen diffussion layer, located in the inner
region, known as expanded austenite or y,.

When compared to the correspondent austenite (y) peaks,
the y, presents broad diffraction lines, which is due to the
gradient of nitrogen, residual stresses and a possible defect
structure of the nitrided layers >S. The structure of v, is still a
matter of debate and besides not yet having been completely
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clarified ©'°, it also seems to depend on the nitrogen content.
Fewell and Priest ® tested a total of ten plausible candidate
structures in order to propose a structure for this phase, among
them the tetragonal, monoclinic and triclinic, obtaining the
best description of their data from the last one using a sample
whose nitrogen content was relatively low. If it increases,
some effects such as high density of stacking faults and high
compressive residual stress *!° cannot be ignored. On the
other hand, the v, lines are commonly in the same region as
the formed nitrides, causing an intrinsic difficulty in detecting
them in the diffraction patterns.

The nitrided layer properties are directly related to
the phases produced during the treatment, which, in turn,
are strongly dependent on the parameters used on plasma
nitriding (gas mixture, pressure, temperature and time) '"''-12,

This paper is part of a larger study on the plasma nitriding
process applied to austenite stainless steel. Our main objective
is to find the best combination of the plasma nitriding
parameters to optimize the properties of the nitrided layer.
Our previous studies, using 80 % H,-20 % N, gas, investigated
the influence of temperature and time, indicating the best
combination: 4h, 400 °C 15, This research has shown that
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nitrided layer properties depend much more on pressure
than on temperature or time. Thus, this paper investigates
the influence of pressure on some properties of the plasma
nitrided layers using 80% H,-20% N, 4h, 400 °C, under
3,4, 5,6 and 7 Torr pressure. Results of the nitrided layer
thickness, surface roughness, hardness, wear and corrosion
tests and X-ray diffraction patterns are discussed.

2. Material and Methods

2.1 Samples

In this study, AISI 316L stainless steel produced by
Villares Metals was used for the samples (disk diameter:
19.70 £ 0.05 mm, thickness: 2.00 + 0.02 mm). Its chemical
composition (only elements with wt.% >0.10) is: 16.1+0.2
Cr, 10.1+0.1Ni,2.1£0.1 Mo, 1.80+0.02 Mn, 0.37 £ 0.05
Si,0.31£0.04 Cu, 0.180+0.004 W, 0.13 +£0.01 Co, balance
Fe. The samples were plasma nitrided using 80 % H,-20 %
N,, at 400 °C, for 4h, at different pressures, between 3 and
7 Torr (3, 4, 5, 6, 7), called P3 until P7. Details of nitriding
have been given previously '°.

2.2 Scanning electron microscopy

A section of the samples was observed using a JEOL
scanning electron microscope, JSM - 5800 LV model in
order to measure the depth of the nitrided layer.

2.3 Hardness

The surface hardness was measured using a Fischerscope
H100V microhardness tester with a Vickers indenter at a load
of 35 mN (~3.6 gf). The hardness was measured along the
diameter, equally spaced at 0.25 mm. Due to the low load
used, a special computational routine, which was developed
for treating similar data, was used in the data treatment 7.

2.4 Roughness

The surface roughness was measured using a Hommel
Werke T1000 rugosimeter. The roughness was measured
along the radius.

2.5 Wear tests

Dry sliding tests were carried out using a Pin on a Disk
Plint TE67/HT tribometer with a normal constant load of
100 N. The Pins were the samples and the disk was AISI
1045 Steel, set at 41.5 rpm and 1 km of the sliding distance.

2.6 Corrosion

Corrosion performance characterizations in a 3 %
NaCl aerated electrolytic solution were carried out for the
nitrided samples, and also an unnitrided one, to be used as
a reference. Electrochemical experiments were performed
at room temperature in a conventional Pyrex cell. Samples
were used as working electrodes and a platinum sheet
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as the counter electrode. The potentials were referred to
the saturated calomel electrode (SCE) in a KCl solution.
Potentiodynamic anodic polarization curves were investigated
using a PGSTAT30 Potentiostat/Galvanostat from Autolab
(Eco Chemie, Netherlands). The scanning potential was in
the range between the cathodic and anodic potential, with
a scan rate of 1.0 mV. s’

2.7 X-ray diffraction

The phases formed in the nitrided samples were
characterized by X-ray diffraction (XRD), performed at
the Brazilian Synchrotron Light Laboratory (LNLS), using
synchrotron radiation for two measurements. The conditions
were: A=1.9074 A or E=6.500 keV, 0-20 geometry, ranging
from 47° <20 < 135° and scan step of 0.2° for the first one.
For the second, A=1.6530 A or E=7.500 keV, incident angle
fixed 6 = 2°, ranging from 47° < 20 < 66° and scan step of
0.04°, named Glancing Angle X-Ray Diffraction (GAXRD).

In order to compare this sample set with the previous's
from our systematic study, these XRD data were analyzed
assuming the same special triclinic symmetry %' for this
phase, which presents a slight angular distortion (1) from the
FCC austenitic substrate structure and calculating the values
for nitrogen content (C,) through the Picard's equation':

a7N=a7+OLCN

where a and a, are the lattice parameter for expanded
austenite y, and austenite y and o is a constant. Instead of
0.00861 A/at.% N 2, which was previously used for this
constant, the value 0.013 A/at.% N 2! was used, because it
seems more appropriate for the present case.

3. Results

3.1 Rings on nitrided disks (Edge effect)

Fig 1(a) shows the picture of the P6 sample, where an
external ring (in a light colour) and a very thin region (in
a dark colour) can be seen, which takes place because of
the edge effect '°. These regions are called the border and
intermediate. Going towards the center, there is the third one:
the central region. For better precision, the ring extension
(RE), which is indicated in Fig 1(a) was measured using
optical microscopy images of this region, which are shown
in Fig 1(b) for P3 and P7. Fig 1(c) exhibits the RE results
for all samples.

3.2 Nitrided layer thickness

Figs 2(a), (b) and (c) show the SEM micrographs for
different regions (border, intermediate and central regions)
for the P3 sample. Fig 2(d) shows the thickness (t) for these
regions for all the samples.
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Figure 1. (a) Visual aspect of ring formed on the border of the P6 sample; (b) Optical microscopy image of ring for P3 and P7; (c)
Extension of ring as a function of the nitriding pressure.

Figure 2. SEM micrographs of the P3 sample, nitrided at 3 Torr, for different regions: (a) border; (b) intermediate; (c) central; (d) thickness
measurements for different regions as a function of the nitriding pressure.



4 Campos et al.

3.3 Hardness and elasticity

Fig 3 (a) shows the hardness for all the samples, for the
three regions (border, intermediate and central). To see the
validity of these results, it is important to avoid the substrate
influence (H=250+14 HV .
Thus, Fig 3 (b) presents hardness values as a function of the

) in hardness measurements.

ratio between penetration depth (p) of the Vickers indenter
and nitrided layer thickness (t). The value of 1/10 is used
as a reference !”, which is shown in Fig 3(b).

Fig 4 shows the elastic modulus for the border and
central regions.

3.4 Roughness and wear tests
Table 1 shows the results for wear and roughness tests.
3.5 Corrosion

Is is important to mention that these tests were carried
out in the central region, in order to avoid the border
region, where there is Cr,N '. The potentiodynamic anodic
polarization curves for all the samples are presented in
Fig 5. The curve for the unnitrided sample is included for
the sake of comparison.

3.6 XRD

The Synchrotron XRD patterns, for the 6-20 geometry
are shown in Fig 6 (a) and (b). The vertical bars show the
fce austenite (hkl) peak positions, which are practically the
same for y, formed on P3 because of its very low C,.

The Synchrotron GAXRD patterns, which were collected
for the (111) and (200) reflections, at the incident angle 6 =
2°, are shown in Fig 7.
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Figure 4. Elasticity values on border and central regions as a
function of the nitriding pressure.

4. Discussion

4.1 Edge effect and nitrided layer thickness

Before discussing the present results for the external rings
formed on the nitrided disks, it is interesting to comment the
results of ring extension (RE) from our previous study %,
for the samples nitrided at different times (3, 4, and 5h) and
temperatures (T= 350, 400 and 450 °C). These results have
not been published and are shown in Table 2.

Table 2 shows that RE does not depend on temperature
(between 350 and 450 °C) or on time (between 3 and 5h).
On the other hand, Fig 1 (c) shows that the RE decreases
exponentially with nitriding pressure.

Regarding Fig 2 (d), in the border region, the thickness
(t= 7.4+ 0.3 um) is statistically independent on nitriding

Figure 3. (a) Hardness values on border, intermediate and central regions as a function of the nitriding pressure; (b) Hardness values
as a function of the ratio between penetration depth (p) and nitrided layer thickness for the different regions of the nitrided samples.
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Table 1. Measurements of surface roughness, friction coefficient

and mass loss during wear test.

Pressure Friction Mass Loss Roughness
(Torr) Coeflicient (mg) (um)

Unnitrided 0.53+0.01 558.3+0.5 0.003 +£0.003
3 0.67+0.03 121.1+0.5 0.035+0.007
4 0.60+0.02 193.6+0.5 0.04+0.01
5 0.78+0.02 16.2+0.4 0.05+0.01
6 0.70+0.02 6.1+0.3 0.093+0.004
7 0.57+0.01 7.8+0.3 0.06+0.02

Figure 5. Potentiodynamic anodic polarization curves for samples
nitrided at different pressures and unnitrided; in 3% NaCl aerated
electrolytic solution.

Figure 6. XRD patterns, at the 6-20 geometry, using E=6.5 keV, of the reflections: (a) (111); (b) (200), (220), (222) and (311), for the
samples nitrided at different pressures.

Figure 7. GAXRD patterns (6=2°) of the reflections (111) and (200) (a) for all the nitrided samples, (b) zoomed, for 6 and 7 Torr.
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Table 2. Ring Extension (RE) results for samples nitrided under 6
Torr, at 350, 400 and 450 °C, for 3, 4 or 5h.

Ring Extension (RE) £+ 0.05 mm

Temperature (°C)

Time (h)

350°C 400 °C 450 °C
3 0.68 0.74 0.72
4 0.70 0.65 * 0.71
5 0.71 0.67 0.76

* the same conditions used in this paper).
pap

pressure. In the central and intermediate regions, it increases
up to 6 Torr and then it stabilizes. The thickness for the
intermediate region is smaller than for the center region,
except for P6, whose thickness is practically uniform.

Borgioli et al.!? investigated the influence of pressure on
plasma nitriding of AISI 316L and their Table 2 shows that
thickness decreases when the pressure increases, which is
not compatible with the present results. Therefore, not only
is the gas composition a very important parameter in this
treatment, but also the pretreatment that they used.

It is interesting to compare the present results for the
ring extension (RE) and nitrided layer thickness (t) in the
central region with our previous results for samples with a
different diameter (D) and height (h), which were nitrided
in the same conditions'®* (Table 3).

Table 3 shows that when the sample height increases, t
and RE decrease; on the other hand, if the sample diameter
increases, t increases and RE remains constant. Therefore,
the sample geometry is also an important factor for these
properties of the nitrided layer, most likely because of the
temperature gradient 242,

It is interesting to comment about the much higher
thickness (16.5 um) produced by De Las Heras et al ! for
4.9 Torr (20% N,- 80% H,), using D=25.14 mm and h=10.00
mm. Although D should contribute to this increase, h should
go in the opposite direction more significantly. However,
in addition to using a time of 20h, these authors pre-treated
the sample.

4.2 Mechanical and tribological properties

Regarding the hardness, Fig 3(a) shows that in the
border region, P4, P5 and P6 hardness is statistically equal,
with the highest values. The P3 (P4) sample shows the
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lowest (highest) hardness value, but the difference of the
mean value (1638 HV . ) is only ~12 %, for both of them.
This difference is insignificant, compared to the hardness
value for other regions, possibly because of the determinant
contribution of Cr N in this region '5, whose hardness value
is higher than 1479 HV?*?". The intermediate region presents
a smaller value than the central region for all the samples.
For both regions, intermediate and central, the hardness
increases when the pressure increases. Fig 3(a) also shows
that the center of the P5 sample presents H= 1400HV . .
which corresponds to the accepted value for the y, phase %,
probably because the 5 Torr pressure is enough to produce
the nitriding condition for the nitrogen saturation point
of the y, phase”. Concerning P>6 Torr, while for the P6
sample, the central and the border regions present the same
hardness, the P7 central region presents a greater value than
the border, which is unusually high. However, R. Wei et al. *
also found it near 2000 HV, when N was implanted at low
energy and high current densities on AISI 304. According
to the authors, this process is similar to plasma nitriding;
regarding the current results, certainly 7 Torr produces a
higher current density than P< 6 Torr. Moreover, the present
result for the P6 central region hardness (H= 167 (£12) x10
HV ., is consistent with the previous value ** measured
for the samples nitrided at 6 Torr, 400 °C, 3 and 5h (H=172
(£17) x10 HV ). Finally, Fig 3(b) shows that not only
for P3 and P4, but also for P5 in the intermediate region
there is some substrate contribution to the hardness, because
their thicknesses are not thick enough to measure the real
hardness®. It is worth observing that not only the nitrided
layer thickness (Fig 2) but also the hardness (Fig 3a) of the
P6 sample are practically uniform.

Concerning elasticity, the elastic modulus for the
unnitrided sample is 202+14 GPa. For the border region, the
mean value is 253 £ 9 GPa, which agrees with 249 GPa, a
value accepted for the Cr nitrides %7, while Fig 4 shows that
in the central region it increases when the pressure increases.

Regarding the wear resistance, Table 1 shows that the
loss mass decreases drastically for P=5 Torr, which reinforces
the hardness result, which indicated the high probability of
the nitrogen saturation for this sample. Table 1 also shows
that P6 presents the maximum and the minimum values for
the roughness and loss mass, respectively; the latter being

Table 3. Nitrided layer thickness (t) and ring extension (RE) for samples with different height (h) and diameter (D), for P=4 and 6 Torr.

This Work Previous Result for 4 Torr [4] For 6 Torr [12]
Sample h 2.00 +£0.02 3.90+0.05 3.90 +0.05 3.85+0.05
(mm) D 20.14 +0.02 19.70 + 0.05 31.60 + 0.05 19.70 + 0.05
Nitrided layer: t (um) RE (mm) t (um) RE (mm) t (um) RE (mm) t (um) RE (mm)
Pressure 4 3.1+£0.5 1.60 + 0.04 1.5£0.1 131+0.06 23+0.2 l(fgsi -- --
(Torr)
6 6.7+0.5 0.92+0.02 - -- - - 39+£04  0.65+0.05
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only 1.1 % from the loss mass for the unnitrided sample,
which represents a very high improvement for this property.

4.3 Corrosion

Regarding the potentiodynamic anodic polarization
curves, in Fig 5, it can be said that the unnitrided sample
presents a higher anodic dissolution current compared to all
the others. This is evidence that the nitrided layer plays a
protective role when subjected to an environment of chloride
ions. Nonetheless, between ~0.0 and ~ 0.25 V, an oscillating
behavior is observed, which is typical of metal in chloride
solutions *'. From then onwards, the current rises significantly
due to a high metal dissolution rate. Table 4 presents the
corrosion potential for all the samples. The corrosion potential
of the unnitrided sample (-0.40V) is lower than that of all
nitrided samples, indicating that plasma nitriding improves
the corrosion resistance of the treated samples.

The maximum corrosion potential is observed for P6,
~-0.12 V, which is similar to that of the sample nitrided at
the same conditions '*.

Moreover, Fig 5 shows that the current density for the
P6 sample is significantly lower than for the others, which
indicates that for the present pressure interval, P=6 Torr
produces the best corrosion resistance.

It is interesting to compare in Fig 8, the P6 curve with the
curve of the previous thinner nitrided layer (thicker sample
in the Table3, penultimate column), which was nitrided
in the same conditions". It can be said that the corrosion
resistance is still better for the thicker sample.

Therefore, from the viewpoint of corrosion resistance, this
finding suggests that the thicker sample is more interesting
for plasma nitriding. As the nitride formation on the top

Table 4. Potential corrosion for all the samples.

plays an important role in the corrosion resistance'®, it
seems that the thinner nitrided layer of the thicker sample
exhibits more nitrides on the top. Indeed, it was confirmed in
the Mossbauer spectra, which showed ~ 86 % for magnetic
contribution, which is mainly due to the nitrides'?, compared
to 70% for the P6 sample [Olzon-Dionysio, D., personal
communication, March 15, 2019].

4.4 DRX

With respect to Fig 6 and 7, as the penetration depth
of the synchrotron radiation '8 is greater than the thickness
for all of the samples, the austenite peaks are present in all
of the XRD patterns in Fig 6, but not in Fig 7, where the
measurement depth was 0.63 pm, which is smaller than
the thickness for all the samples. All the nitrided samples
show the expanded austenite peaks, which are broader and
shifted to lower diffraction angles, when compared to the
correspondent austenite peaks.

The other possible phases produced in the nitriding
process are the iron nitrides: g(Fe, \N), a”'(Fe N,), & (Fe2N)
and y’(Fe,N), besides the chromium nitrides CrN or Cr,N.
The positions of their more significant peaks are shown in
Tables 5 and 6. The ¢ has various XRD code numbers 323,
the another nitrides, the CRYSTMET codes are respectively:
AL247236,493519 %7, 100932 *, 493518 37 and 510877 3.

As can be seen, their positions are close to the two
predominant phases: y and y, peaks. The enlargement of
the y, peaks further complicates the interpretation of these
diffractograms. Therefore, for a preliminary analysis, as
is our intention here, it is almost impossible to discuss the
presence of these nitrides in the samples through these
X-ray diffractograms. If a more realistic analysis is required,

Sample Unnitrided P3 P4 P5 P6 P7
Corrosion
Potential (V) -0.40 -0.20 -0.19 -0.18 -0.12 20.14

Figure 8. Potentiodynamic anodic polarization curves for samples nitrided at 6 Torr, showing different height (a) height =3.85 mm (b)

height = 2.00 mm.
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Table 5. Positions (°) of diffracted angles for iron nitrides.
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Phases y" (Fe,N) ¢ (Fe,)N) o’ (Fe [N2) & (Fe,N) o (Fe)

Relative Intensity (%) 100 58 33 31 100 100 51 30 50 100 100
6.5 51.7 60.4 90.7 113.1 54.9 53.5 55.3 51.1 53.6 53.8 56.1

F keV) 7.5 44.4 51.7 76.2 92.7 47.2 46.0 48.3 439 46.0 46.1 48.1

Table 6. Positions of diffracted angles for chromium nitrides.

Phases Cr,N CrN
Relative Intensity (%) 100 79 100 54
6.5 53.6 47.0 54.9 81.4
E (keV)
7.5 46.0 40.5 472 68.9

the decomposition of the y, peaks in subpeaks, in order
to consider the nitrogen content (C,) gradient across the
nitrided layer is necessary and consequently the nitrides are
detected '8. Despite its limitations, this preliminary DRX
data treatment can provide us with consistent information
to interpret minimally the corrosion results, which indicated
the P6 sample as the most resistant to corrosion.

As was said before, in order to compare the present
results with the previous one, the DRX data (Fig 6) were
analyzed in the same way'®, although this treatment presents
major limitations, which are discussed below. The results
for distortion of the triclinic structure (1) and the nitrogen
content C, are shown in Table 7.

The major shortcoming of this analysis is the choice
of the triclinic structure, which seems to be too simplified
for such a complex system as the expanded austenite, as
discussed before. Moreover, the use of .= 0.00861 A/at.%
N, which was used before for the Vegard’s law to estimate
the average C_ may be inappropriate to extrapolate for a
high concentration based on a linear correlation between
the lattice parameter and atomic concentration *. It is used
here only for the 6-20 geometry, for the comparison within
the systematic study.

Because of these failures, the calculated values for C
from Table 7 represent a rough estimate; notedly for o=

0.00861 A/at.% N; which certainly are higher than the true
values, since they are often above the expected maximum
value, which is 38% %,

In spite of this imprecision, if the whole sample set
is considered, these results present some consistency.
Comparing the results for both geometries, the GAXRD
results for P3, P4, P5 and P7 show higher values for
the distortion than for DRX, which is expected because
usually more nitrogen is on the top, as can be seen for P3,
P4 and P5. Regarding the P6 sample, it shows a different
behavior because both of them (distortion and C) decrease
for GAXRD, which happens due to the greater quantity
of nitrides on the top. This can be verified in Fig 7(b),
where the GAXRD pattern for P6 presents a relatively
more significant slope than for P7 due to the presence
of the o’’, € and & nitrides, whose mean reflections are
between 45° and 48°, which means that the presence of
nitride on the P6 is more expressive than for P7. This result
justifies the best corrosion protection for this sample'.

Still for the sample P6, it is interesting to compare the
present results for C (corresponding to a =0.00861 A/
at.% N) calculated for the 0- 20 geometry with the previous
one for the thicker sample '®. In the preceding case, the
decomposition of the y, peaks in subpeaks was used in order
to consider the nitrogen gradient profile and the results were
between 1.1 and 3.1° for distortion and between 1243 and
3543 for C,. The corresponding mean values in Table 7 are
3.55 and 42.0+0.8, due to the less quantity of nitrides in the
present thinner sample, which is consistent with the previous
discussion about Fig 8.

Table 7. Nitrogen content (C,) and the triclinic angular distortion (n)*, calculated for y, phase.

Sample P3 P4 PS5 P6 P7
N(£0.09)° <0.04 0.38 3.90 3.55 3.61
6,5 keV a;/;)t.(())/()fi\?l <3.0 13.9 34.5 42.0 42.5
/0
(6-20) C(+0.8) at % X
@ ;?3113\] / <2.0 9.2 22.8 27.8 28.1
/0
n(£0.09)° 0.98 0.90 4.29 3.45 3.89
7,5 keVo=2° =
C(£0.8) at % @ a(t)'gl;A/ 2.1 10.3 24.3 26 27.6
/0
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5. Conclusion

To investigate the influence of pressure on some properties
of the plasma nitrided layers, using 80% H,-20% N,, 4h,
400 °C, five different values were used: 3,4,5,6 and 7 Torr.
All the results are summarized as follows:

1.  Ifthe pressure increases, not only the nitrided layer
thickness, but also the hardness and elasticity increase.
Moreover, the loss mass decreases drastically,
reaching 1% for P>6 Torr. Besides this remarkable
property, not only the nitrided layer thickness but
also the hardness of the P6 sample are practically
uniform along the disk diameter. Moreover, this
sample shows the biggest roughness and the best
corrosion resistance, presenting not only the maximum
corrosion potential but also lower current density
than for the other samples.

2. The X-ray diffractograms, collected at both
geometries (0-20 and GAXRD), indicated the
expanded austenite peaks for all the samples. The
GAXRD can show more significant presence of
nitrides for the P6 sample, which justifies its best
corrosion resistance.

3. The comparison of the present results with the
previous of our systematic study evince not only
the important influence of the sample geometry in
the properties under study but also that the border
effect, which causes the rings on the disk border,
depends on the pressure, but not on temperature or
time from the plasma nitriding process.
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