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In this study the effects of low temperature plasma nitriding on the characteristics of different austenitic
stainless steels, CrNi-based (AISI 304L and AISI 316L) and CrMn-based (AISI 202), were compared.
Samples were nitrided at 400 and 430 °C, at 1000 Pa for 5 h, and their microstructure, phase compo-
sition, microhardness and corrosion resistance were evaluated. The characteristics of modified surface
layers depended on both treatment parameters and alloy composition. For all the steels modified surface
layers had a double layer microstructure. In the outer modified layer, mainly consisting of S phase,
deformation (or shear) bands were observed in the grains, and nitrogen induced h.c.p. martensite, &y,
formed. The tendency to form shear bands and ¢y was higher for AISI 202 samples, and decreased for
AISI 304L and then for AISI 316L ones, influencing the modified layer thickness. When nitriding was
performed at 430 °C, nitrides formed, and their amount was affected by steel composition. Nitriding
treatments allowed to markedly increase surface microhardness and corrosion resistance, in comparison
with the untreated alloys. When nitrides did not form, as for the 400-°C nitrided samples, the corrosion
behaviour of the considered steels was comparable. Nitride precipitation affected corrosion resistance,

increasing corrosion phenomena.

© 2016 Published by Elsevier Ltd.

1. Introduction

Austenitic stainless steels are employed in many industrial fields
thanks to their corrosion resistance, ease of formability and weld-
ability. Their very good corrosion resistance in many aggressive
environments is due to the presence of a surface passive film,
mainly consisting of chromium oxide, which is self healing if
damaged and protects the alloy from the surrounding medium [1].
The face centred cubic structure of these alloys is maintained owing
to the presence of austenite stabilizing elements, like nickel,
manganese and nitrogen. Fairly high amounts of nickel (usually
8 wt% or higher) are present in the so called AISI 300 series stainless
steels, which are widely used. Nickel is partly substituted by
manganese and nitrogen in the cheaper AISI 200 series stainless
steels, which have higher strength; however, these alloys may show
lower corrosion resistance than AISI 300 series steels, due to the
lower chromium content [2].

The industrial applications of austenitic stainless steels may be

* Corresponding author.
E-mail address: francesca.borgioli@unifi.it (F. Borgioli).
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0042-207X/© 2016 Published by Elsevier Ltd.

limited by their low hardness and poor tribological properties,
which may compromise the performance of components subjected
to wear. Moreover, in spite of the very good resistance to general
corrosion, these alloys suffer localised corrosion in specific envi-
ronments, especially in chloride-ion containing solutions. Among
the surface engineering techniques, employed to improve wear and
corrosion resistance properties of austenitic stainless steels, low
temperature nitriding has received increasing attention in the last
years [1,3]. Treatment temperatures lower than 450 °C allow to
avoid the precipitation of large amounts of chromium nitrides and
the consequent decrease of corrosion resistance [4]. In this manner,
a supersaturated solid solution of nitrogen in the expanded and
distorted austenite lattice is produced, known as S phase [1,3,4] or
expanded austenite [1,3,5], which has high hardness and improved
corrosion resistance in chloride-ion containing solutions [3,4].
Many researches were devoted to study the structure [3,4,6—11]
and the properties [3—5,12—15] of this phase, and the treatment
techniques able to produce it [3,5,16—18]. These studies were
usually carried out using a single steel type, in order to put in ev-
idence the effects of different nitriding techniques [3,16—18] or
treatment parameters [3,13,14,18—20]. The effect of steel compo-
sition was investigated especially regarding the influence of nickel
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[3,21—-23], molybdenum [24—26], and chromium [3,21,23,27].
Recent studies also regarded steels with low amounts of alloy ele-
ments like copper and niobium [26], or the high nitrogen and
nickel-free stainless steels with improved biocompatibility [28,29].
The analysis of the scientific literature shows that the used steels
are mainly of the 300 series [3,5,6,25,26]; limited studies regarded
low-nickel alloys, as 17Cr—15Mn—4N [30] and X50CrNiNbN 21 9
[31], or the nickel-free F2581 [29], which have a niche use. The
direct comparison of the effects of nitriding on AISI 300 and 200
stainless steels has received little attention. Even if a comparison
could be performed using the results obtained by different re-
searches, it is hindered by the fact that different experimental
conditions, and, in particular, nitriding parameters, were usually
used.

In the present research a direct comparison of the effects of low
temperature nitriding on the characteristics of the modified surface
layers produced on AISI 300 and 200 series austenitic stainless
steels was performed. Three steels of large commercial use were
chosen, CrNi grades AISI 304L and AISI 316L, and the low-nickel
CrMn grade AISI 202. Glow-discharge nitriding technique was
used to perform nitriding treatments. The microstructure, phase
composition, hardness and corrosion resistance characteristics of
the nitrided samples were investigated and they were compared
with those of the untreated alloys.

2. Experimental procedure

Three austenitic stainless steels were used, AISI 202, AISI 304L
and AISI 316L, supplied by ThyssenKrupp Acciai Speciali Terni
(Italy); the chemical composition of the steels is reported in Table 1.
The steels, in the form of cold rolled, annealed and pickled plates,
were cut in order to obtain prismatic samples (40 x 17 x 0.7 mm).
The surface finishing of the samples was classified as 2D according
to the EN 10088-2:2005 norm [32]. The surfaces, which had to be
treated, were not ground and polished further; their average sur-
face roughness, Ra, was 0.16 + 0.02 um, and their maximum height
of profile, Rz, was 1.8 + 0.1 um. As an example, the surface
morphology of an untreated AISI 202 sample is shown in Fig. 1.

Low temperature glow-discharge nitriding treatments were
carried out in a laboratory plasma equipment, previously described
[33]. The treatment parameters were chosen on the basis of our
previous results [ 13]. Before the treatments, the treatment chamber
was evacuated up to a pressure of about 5 Pa; the required treat-
ment pressure was maintained by a flow controlled dynamic vac-
uum system. Before the nitriding step, cathodic sputtering was
performed in order to remove the natural passive film and enable a
homogeneous nitriding process, operating at 130 Pa with 80 vol%
N, and 20 vol% Hy up to 310 °C. After this step, the temperature and
pressure were increased up to their nominal values. Nitriding
treatments were carried out at 400 or 430 °C, at a constant pressure
of 1000 Pa, for 5 h, using a gas mixture of 80 vol% N and 20 vol% H,
in a 300 sccm total flow rate. The current density values depended
on the treatment temperature, and they were 2.5 + 0.1 mA cm ™2 for
the 400-°C treatment, and 2.8 + 0.1 mA cm~2 for the 430-°C
treatment; the voltage drop was 190 + 10 V.

Table 1
Chemical composition (wt.%) of the used austenitic stainless steels.
Material Composition
C Si Mn Cr Ni Mo N Fe

AISI 202 0.065 0.40 7.7 17.0 4.1 - 0.15 Bal.
AISI 304L  0.028 0.30 1.7 18.0 8.0 0.27 0.065 Bal.
AISI 316L 0.029 0.34 0.9 16.6 10.3 2.01 0.049 Bal.

Fig. 1. Surface morphology of an untreated AISI 202 sample.

The microstructure of the nitrided and untreated samples was
examined using light and scanning electron microscopies and en-
ergy dispersion spectroscopy (EDS) analysis. EDS analysis, per-
formed on unetched samples using a 20 kV accelerating voltage for
the electron beam, allowed to obtain a semi-quantitative evalua-
tion of the amount of the alloy elements (Fe, Cr, Ni, Mo, Mn, Si) and
of nitrogen in different zones of the samples. In order to observe the
cross-section microstructure of the modified layers, samples were
cut and mounted using glass-filled epoxy thermosetting resin.
Tapered sections with a 1.5°-angle were obtained for selected
samples by cold mounting them in epoxy resin. The microstructure
of the modified surface layers and of the matrix was delineated by
means of glyceregia etchant.

The phases present in the surface layers were identified by
means of X-ray diffraction analysis (Cu Ko radiation). Diffraction
patterns were collected in Bragg-Brentano configuration and with
constant incident angles in the range 10—35°; in this latter
configuration, the mean penetration depth (i.e. the depth at which
the intensity drops by a factor of e) ranges from 0.6 pm (o = 10°) to
1.47 um (o = 35°).

Roughness measurements were performed on the surface of the
samples before and after the treatments by using a stylus profil-
ometer tester (cut-off length: 0.8 mm). At least five measurements
were taken at different locations on the surface. The average surface
roughness Ra (arithmetical mean deviation of the roughness profile
from the mean line) and the maximum height of profile Rz (sum of
the largest profile peak height and the largest profile valley depth
within a sampling length, according to EN ISO 4287-2009 norm)
were recorded.

Surface microhardness measurements (load: 50 gf) and depth
profiles (load: 10 gf) were performed on the samples using a Knoop
indenter.

Corrosion resistance of untreated and nitrided samples was
studied in aerated 5% NaCl solution at room temperature. A three-
electrode electrochemical flat cell equipped with Ag/AgCl reference
electrode (3.5 M KCl) and a platinum grid as counterelectrode was
used. The sample surface area exposed to the electrolyte was 1 cm?.
Polarization measurements were performed potentiodynamically
at a sweep rate of 0.3 mV s~ ! after a delay period of 22 h. Three
corrosion tests for each sample type were carried out for assessing
the result.
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3. Results
3.1. Morphology and microstructure

The untreated samples have an austenitic microstructure. X-ray
diffraction analysis shows that, beyond austenite, y-Fe (f.c.c.), small
peaks of a-Fe (b.c.c.) are present in the steels.

The nitriding treatments produce modified surface layers, the
characteristics of which depend on the treatment temperature and
the used alloy; the thickness of the modified layers is reported in
Table 2.

When the steels were nitrided at 400 °C, the modified surface
layers have a double layer microstructure, as shown in Fig. 2. The
single layers, delineated by chemical etching, are homogeneous
and they are separated one from the other and from the matrix by
etched lines. Thicker modified layers are present on AISI 202
samples in comparison with those on AISI 304L and AISI 316L, as
observed by both microscopy analysis and nitrogen concentration
depth profiles (Fig. 3). In the outer layer of all the sample types,
groups of thin lines, which extend from the outer surface into the
layer itself, are observed. In the AISI 202 samples many lines are
present, and they extend deeply in the layer (Fig. 2a). In the AISI
304L steel the lines are slightly fewer and they extend less deeply
(Fig. 2b). Even fewer and less deep lines are observed in the AISI
316L alloy (Fig. 2¢). The presence of these lines, usually related to
the local plastic deformations occurring during the formation of the
modified layers, was previously reported [3,5,6,12,13]. This micro-
structure can be better observed in the tapered sections of the
samples. As shown in Fig. 4, many parallel and intersecting lines are
present in the grains near the outer surface. This microstructure is
comparable with that of a plastically deformed austenitic stainless
steel, in which deformation bands, also referred to as shear bands,
are present [34—36]. Shear band has been defined as a collective
term for planar defects that form during plastic deformation as a
result of the overlapping of stacking faults on austenite {111} planes
[1,34].

X-ray diffraction analysis, performed with a 10°-incident angle,
suggests that the outer modified layer mainly consists of S-phase
(Fig. 5). The peaks of a solid solution of nitrogen in h.c.p. martensite,
€N, are also present. The amount of this phase is the greatest in AISI
202 samples (Fig. 5a), and it decreases in the AISI 300 series sam-
ples, with the smallest amount in the AISI 316L steel (Fig. 5c). This
nitrogen induced martensite is considered analogous to the strain
induced h.c.p. martensite [37], but with larger lattice parameters
due to nitrogen solubilisation, and it differs from e-type h.c.p. M.
3N (M = Fe, Mn, Cr, Mo, Ni) nitride, which has an ordered nitrogen
arrangement.

For all the sample types the inner modified layer is fairly ho-
mogenous and it does not show the presence of deformation bands.
X-ray diffraction analysis, performed increasing the incident angle
up to 35°, suggests that this layer consists of a solid solution of
interstitial atoms (nitrogen, carbon) in the slightly expanded
austenite lattice, y(N,C) (Fig. 6).

Table 2
Thickness of the outer (d,) and inner (d;) modified layers of austenitic stainless steel
samples nitrided at different temperatures (T).

Steel type T (°C) do (um) d; (um)

AISI 202 400 4.7 + 0.6 20+03
AISI 304L 400 44+04 1.3+02
AISI 316L 400 43 +04 14 +0.1
AISI 202 430 73 +0.8 22+03
AISI 304L 430 9.0+0.5 25+03
AISI 316L 430 9.9 + 0.6 25+04

When the samples were nitrided at 430 °C, the modified surface
layers still show the characteristic double layer microstructure
(Fig. 7). The thickness of the outer modified layer is the greatest for
AISI 316L samples, and it decreases for AISI 304L and then for AISI
202 ones, which have the smallest thickness, as observed by both
microscopy analysis and nitrogen concentration depth profiles
(Fig. 8). Many strongly etched regions, which correspond to ni-
trides, are observed in the cross-sections of the outer modified
layer of AISI 202 and AISI 304L samples, being present inside the
grains, along the shear lines and along the parent austenite grain
boundaries. On AISI 316L these regions are fewer and they are
observed only along the grain boundaries. As also observed previ-
ously [13,33], in the zones corresponding to these etched regions,
an increase of chromium, manganese and molybdenum content,
and a decrease of nickel content are detected by EDS analysis, in
comparison with the values detected in the zones corresponding to
the S phase, the y(N,C) phase and the matrix, which have a com-
parable composition. As an example, for AISI 202 in these regions
chromium increases up to 26.8 wt% and manganese up to 10.2 wt%,
while nickel decreases up to 3.2 wt%; for AISI 316L chromium in-
creases up to 26.3 wt%, manganese up to 2.4 wt% and molybdenum
up to 4.4 wt’%, while nickel decreases up to 7.1 wt%. This result is in
accordance with the fact that chromium, manganese and molyb-
denum are strong nitride forming elements, while nickel is not.

X-ray diffraction analysis, performed both in Bragg-Brentano
configuration and using a 15°-constant incident angle, suggests
that, at this nitriding temperature, chromium nitride, CrN (f.c.c.), is
also able to form (Figs. 9 and 10). In fact, the main peaks of this
nitride, at about 37.5° and 43.5°, fully overlap the peaks of ¢y
martensite, but a distinctive peak of this phase is observable at
about 63.5° as a fairly broad shoulder of the S-phase peak, allowing
its identification (Fig. 10). The presence of e-type M_3N nitride,
which may form as a consequence of a distortion of the h.c.p.
structure of ¢y martensite and of an ordering of nitrogen atoms
[38], is supposed on the basis of microscopy analysis, even if
distinct peaks are not observed.

The average surface roughness, Ra, of all the sample types tends
to increase as the nitriding temperature increases, ranging from
0.18 + 0.02 (400 °C) to 0.23 + 0.02 (430 °C) um; a similar trend was
observed for the maximum height of profile, Rz, which ranges from
2.2 + 0.1 (400 °C) to 2.5 + 0.1 (430 °C) pm.

3.2. Microhardness

Surface microhardness values of untreated and nitrided samples
are shown in Fig. 11.

The surface microhardness of the nitrided samples is greater
than that of the untreated ones for all the considered steels, and it
tends to increase as the treatment temperature is increased. When
nitriding was performed at 400 °C, AISI 202 samples have the
greatest microhardness values, also in accordance with the greatest
thickness of the modified layers for this steel type. When the
samples were nitrided at 430 °C, the presence of hard and brittle
nitrides influences the behaviour of the samples, with the highest
values measured for AISI 304L samples.

The microhardness profiles of the nitrided samples are shown in
Fig. 12. In the modified layers of all the sample types the detected
hardness values are high, and they decrease to matrix value in a
fairly steep way. The obtained results are in good agreement with
morphology observations and nitrogen concentration depth pro-
files: when the thickness of the modified layers is greater, a thicker
hardened layer is observed. Moreover, higher hardness values are
detected when the treatment temperature is higher, as observed for
surface microhardness measurements.
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Fig. 2. Micrographs of the modified surface layers of AISI 202 (a), AISI 304L (b) and AISI 316L (c) austenitic stainless steel samples nitrided at 400 °C (cross-section; etchant:

glyceregia).

30

I —— = AISI202
—————— * AISI304L

wsl
St A AISI 316L

Nitrogen concentration (at. %)

depth (um)

Fig. 3. Nitrogen concentration depth profiles of AISI 202, AISI 304L and AISI 316L
austenitic stainless steel samples nitrided at 400 °C (the lines are drawn as a guide for
the eye).

Fig. 4. SEM micrograph of a detail of the outer modified layer of an AISI 202 austenitic
stainless steel sample nitrided at 400 °C (1.5°-tapered section; the marker refers to the
length in the tapered section) (etchant: glyceregia).

3.3. Corrosion behaviour

Polarization curves of untreated and nitrided samples, tested in
5% NaCl aerated solution, are shown in Fig. 13. The average

(c) e S phase

XRD intensity (a. u.)

40 50 70 80 90

60
29 (deg)

Fig. 5. X-ray diffraction patterns of AISI 202 (a), AISI 304L (b) and AISI 316L (c)
austenitic stainless steel samples nitrided at 400 °C (configuration: 10°-incident
angle).

corrosion potential, passive current density and pitting potential
(evaluated as the potential beyond which the anodic current den-
sity last crossed 5 pA cm~2 before the end of the corrosion tests) are
reported in Table 3.

The polarization curves of all the sample types are typical of
passive materials subjected to localised corrosion when the po-
tential value is higher than a threshold.

For the untreated samples of all the tested steels, low anodic
current values are detected in the passive branch, and they show a
fast increase when localised corrosion occurs. At the highest po-
tential values, anodic current density values are limited by con-
centration polarization phenomena. As expected, the lowest
corrosion potential values are observed for AISI 202 samples (about

(2016), http://dx.doi.org/10.1016/j.vacuum.2016.02.009

Please cite this article in press as: F. Borgioli, et al., Low temperature nitriding of AISI 300 and 200 series austenitic stainless steels, Vacuum

100
101
102
103
104
105
106
107
108
109
110
m
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130



O o0 NO UL WN =

oo oo uururtunorun oo b S B B B B B B8 b8 B8 WWwWowWwWOo WOwww WNDNDNDNDNDNDNDNDNDN = === e el el e
R WN—LOOVONOATURNAWN—R,OOOONIITUANAWNRPOOONOOTURNAWN—RLOOONOOTUAWNR,OOVONUTA WN = O

VAC6933_proof m 22 February 2016 m 5/10

E Borgioli et al. / Vacuum xxx (2016) 1-10 5
(c) ® S phase v y-Fe 30
[ ] A g . (N,C) . —— = AISI 202
- Y (N, <.t F ¢ AISI 304L
«< 1 & 7T F A A AISI 316L
&
e
0
=
©
=
S g {1
. 8 Lo, I
N2 5
> = % :
= £ i
z :
[T Ob v v n ‘.‘ “T‘ n T
hd 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
= depth (um)
Q Fig. 8. Nitrogen concentration depth profiles of AISI 202, AISI 304L and AISI 316L
§ austenitic stainless steel samples nitrided at 430 °C (the lines are drawn as a guide for
the eye).

40 50

60 70 80 90
29 (deg)

Fig. 6. X-ray diffraction patterns of AISI 202 (a), AISI 304L (b) and AISI 316L (c)
austenitic stainless steel samples nitrided at 400 °C (configuration: 35°-incident
angle).

samples.

When nitriding was performed at 400 °C, after the tests, the
surface of all the sample types is fairly untouched, and it shows only
few coloured regions, in correspondence of which very shallow pits
are observed (Fig. 14 d—f).

For the samples nitrided at 430 °C, the potential values, at which
localised corrosion occurs, tend to decrease, in comparison with the
values detected for the samples nitrided at 400 °C. After the tests,
the surface of the samples is lightly coloured and many shallow pits

Fig. 7. Micrographs of the modified surface layers of AISI 202 (a), AISI 304L (b) and AISI 316L (c) austenitic stainless steel samples nitrided at 430 °C (cross-section; etchant:

glyceregia).

- 144 mV (Ag/AgCl)) (Fig. 13a), while the highest ones are observed
for AISI 316L samples (about - 92 mV (Ag/AgCl)) (Fig. 13c). A similar
trend is registered when the potential value, at which localised
corrosion phenomena begin, is considered. After the tests, the
surface of the samples shows many large and deep pits, randomly
distributed on the surface (Fig. 14 a—c). The pits have a vertical
development, due to the vertical position of the samples during the
corrosion tests. Moreover, crevice corrosion occurred in the area
shielded by the PTFE gasket. The damage due to corrosion is the
highest on AISI 202 samples (Fig. 14a), while it is the lowest on AISI
316L samples (Fig. 14c), in accordance with the polarization data.
For all the nitrided samples significantly nobler corrosion po-
tential values are observed, and localised corrosion begins at po-
tentials which are markedly higher than those of untreated

are present (Fig. 14 g—i). The number of pits is greater on AISI 202
samples (Fig. 14 g), while it tends to decrease on AISI 316L ones
(Fig. 14 1).

4. Discussion

Low temperature nitriding is recognised as an effective surface
engineering technique for improving surface hardness and corro-
sion resistance of austenitic stainless steels. It is a general agree-
ment that this improvement is due to the formation of the
supersaturated solid solution of nitrogen in the expanded and
distorted austenite lattice, named S phase, and that the treatment
temperature should not exceed about 450 °C in order to avoid the
precipitation of large amounts of chromium nitrides. However, the

(2016), http://dx.doi.org/10.1016/j.vacuum.2016.02.009
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XRD intensity (a. u.)

50 60 70 80 90
29 (deg)

Fig. 9. X-ray diffraction patterns of AISI 202 (a), AISI 304L (b) and AISI 316L (c)
austenitic stainless steel samples nitrided at 430 °C (configuration: Bragg-Brentano).
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Fig. 10. X-ray diffraction patterns of AISI 202 (a, d), AISI 304L (b, e) and AISI 316L (c, f)
austenitic stainless steel samples nitrided at 430 °C. The details (d, e, f) were obtained
increasing the scan time-per-step (configuration: 15°-incident angle).
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Fig. 11. Surface Knoop microhardness values of AISI 202, AISI 304L and AISI 316L
samples untreated and nitrided as indicated.
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Fig. 12. Knoop microhardness profiles of AISI 202, AISI 304L and AISI 316L samples
untreated and nitrided as indicated.

analysis of the scientific literature suggests that both nitriding
conditions and alloy composition play important roles in influ-
encing the characteristics of the modified surface layers.

In this research a direct comparison of the effects of low tem-
perature glow-discharge nitriding, performed at two different
temperatures (400 and 430 °C) on three different steels, was per-
formed. AISI 304L and AISI 316L, which are largely employed, were
chosen as representative of the 300 series stainless steels. These
steels, in their higher carbon counterparts, AISI 304 and AISI 316,
were considered for comparison in other researches [6,22,26]. On
the other hand, 200 series stainless steels are usually neglected as
possible candidate for nitriding, and few studies are present
[33,39]. These steels may be attractive for their higher strength and
lower cost, so AISI 202 was chosen as their representative.

When nitriding was performed, all the considered steels are able
to form modified surface layers with a double layer microstructure.
This microstructure, previously observed on AISI 202 [33,39], was
explicitly reported also for some 300-series stainless steels by a few
authors [5,17,22,39—43], but it is also observable in the micrographs
present in other researches [3,6,12,15,20,26,29]. X-ray diffraction
analysis suggests that this double layer structure is formed by a
thicker outer layer, in which an expanded austenite with larger
lattice parameter, i.e. S phase, is present, and by a thinner inner
layer, consisting of an expanded austenite with smaller lattice
parameter. This latter phase, indicated as y(N, C) in the present
research, was hypothesised either to be due to an accumulation of

(2016), http://dx.doi.org/10.1016/j.vacuum.2016.02.009
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Fig. 13. Polarization curves of AISI 202 (a), AISI 304L (b) and AISI 316L (c) austenitic stainless steel samples untreated and nitrided as indicated (solution: 5% NaCl, aerated).

Table 3

Average corrosion potential, Ecor, passive current, ip, and pitting potential, Ep, of
AISI 202, AISI 304L and AISI 316L samples untreated or nitrided as indicated (solu-
tion: 5% NaCl, aerated). The pitting potential was evaluated as the potential beyond
which the anodic current density last crossed 5 pA cm~2 before the end of the
corrosion tests.

Sample type Ecorr ip Epit
(mV (Ag/AgCl)) (A cm™?) (mV (Ag/AgCl))

AISI 202 — untreated —144 + 20 0.04 + 0.01 +190 + 30
AISI 202 — nitr. 400 °C -37 +20 0.60 + 0.08 +824 + 30
AISI 202 — nitr. 430 °C —38 +20 0.9 + 0.1 +685 + 30
AISI 304L — untreated —108 + 20 0.06 + 0.01 +432 + 30
AISI 304L — nitr. 400 °C —16 + 20 0.48 + 0.08 +835 + 30
AISI 304L — nitr. 430 °C -19 + 20 0.52 + 0.08 +780 + 30
AISI 316L — untreated -92 + 20 0.09 + 0.02 +457 + 30
AISI 316L — nitr. 400 °C -5+20 0.20 + 0.08 +811 + 30
AISI 316L — nitr. 430 °C +1+20 0.42 + 0.08 +803 + 30

carbon atoms at the end of nitrogen profile [40—42], or to be related
to the high residual stresses induced between the expanded
austenite layer and the substrate [22], or to be due to the presence
of nitrogen atoms which are not trapped by chromium [43]. Anal-
ysis of nitrogen and carbon depth profiles, performed on AISI 202
samples, did not show conclusive evidence of a carbon rich inner
layer [33]. Even if the presence of carbon atoms in y(N, C) may be
hypothesised on the basis of the alloy composition, the fact that
comparable thickness of this inner layer is observed for steels
having both high (AISI 202) and low (AISI 304L and 316L) carbon
contents suggests that carbon accumulation is not the main cause
of the formation of this layer and that the production of S phase
plays a key role.

In the modified surface layers, nitride formation is influenced
not only by nitriding conditions, but also by steel composition.
Nitriding temperature has usually been considered the main
parameter to control when a nitride-free modified layer is desired.

However, even if low temperatures are used, nitride precipitation is
not always avoided. By using a nitriding temperature of 400 °C, a
nitride-free layer was obtained on AISI 304, AISI 316 and their lower
carbon counterparts by many authors [6,11,14,20—22,26], in
accordance with the results obtained in the present research. The
additional presence of chromium nitrides was observed when
plasma ion implantation or beam ion implantation were employed
[16], or when the treatment time of plasma nitriding was increased,
even with durations shorter [31] or comparable [12] with respect to
those used by us. On the other hand, nitrides were not detected on
AISI 316LVM samples plasma nitrided at 430 °C [29], or on gas
treated AISI 316L [5] and pulsed plasma treated AISI 304 [14] using
a nitriding temperature as high as 450 °C, while they were present
on AISI 304 and AISI 316 plasma nitrided at 430 °C [26]. Regarding
AISI 202 steel, nitrides were not formed when it was nitrided at
400 °C and 1000 Pa, as shown previously [33] and in the present
research, while they formed when the treatment pressure was
decreased at 500 Pa [39]. Thus, the nitride precipitation is influ-
enced by nitriding techniques together with all the treatment pa-
rameters controlling the nitrogen amount which can be absorbed
by steel surface. However, the use of different nitriding tempera-
tures may be suitable for studying the tendency of different steels
to form or not nitrides.

The results obtained in the present research suggest that AISI
202 has the highest tendency to form nitrides, as expected for a
steel having a great content of manganese, which is a nitride
forming element, and a small content of nickel, which is not able to
form nitrides. When 300 series stainless steels are considered, AISI
304L shows a higher tendency to form nitrides than AISI 316L. This
fact, observed also by Egawa et al. [26], was ascribed to the ten-
dency of molybdenum atoms to stabilise the structure of S phase by
attracting nitrogen atoms around themselves, so that the precipi-
tation of chromium nitrides is prevented. It may also be hypoth-
esised that ¢y, which forms in large amounts in AISI 304L steel, acts

(2016), http://dx.doi.org/10.1016/j.vacuum.2016.02.009
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Fig. 14. Surface morphology after corrosion tests. Untreated samples: AISI 202 (a), AISI 304L (b), AISI 316L (c). 400-°C nitrided samples: AISI 202 (d), AISI 304L (e), AISI 316L (f). 430-

°C nitrided samples: AISI 202 (g), AISI 304L (h), AISI 316L (i). (Solution: 5% NaCl, aerated).

as a precursor of h.c.p. e-type nitride, as also suggested by Lei et al.
[44]. It has to be noted that AISI 304L samples, nitrided at 430 °C,
show the presence of a significantly greater amount of nitrides than
that obtained by Egawa et al. [26] for samples plasma treated at the
same temperature, especially in the intergranular regions.

The outer modified layer of all the samples shows the presence
of shear bands and ¢y martensite. While shear bands are usually
observed in this layer [3,5,6,12,13], the presence of ¢/ was reported
by few authors [5,33,37,39,45]. The formation of shear bands and
¢y martensite is related to the formation of modified surface layers
and to the alloy composition. The solubilisation of nitrogen atoms

in the austenite well beyond the solubility limit is able not only to
expand and distort the f.c.c. lattice, but also to cause local plastic
deformations, as previously reported [3,13]. When plastic defor-
mation occurs in an austenitic stainless steel, a perfect dislocation
may dissociate into two Shockley partial dislocations and form
wide stacking faults, in which the ABCABC stacking, characteristic
of a f.c.c. metal, becomes an ABAB stacking, characteristic of a h.c.p.
structure [34,46]. When the intrinsic stacking faults overlap regu-
larly on every second {111} plane, a plate of h.c.p. ¢ martensite is
formed. B.c.t. « martensite may also nucleate at the intersection of
¢ martensite laths [34,46]. It has been hypothesised that, when the

Please cite this article in press as: F. Borgioli, et al., Low temperature nitriding of AISI 300 and 200 series austenitic stainless steels, Vacuum
(2016), http://dx.doi.org/10.1016/j.vacuum.2016.02.009
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width of stacking faults diverges, shear bands extend through the
austenite grains [34]. The formation of shear bands and ¢
martensite is supposed to be favoured when the stacking fault
energy (SFE) of the steel is low [34]. SFE depends on the chemical
composition of the steels, so empirical relations have been pro-
posed for its calculation [1]. Dai et al. [47] have suggested that the
effects of alloy elements on SFE are not monotonous and in-
teractions exist among these elements. According to their relation,
the SFE at room temperature, y>%0, can be written as:

7390 (mJ/m?) = v° + 1.59Ni — 1.34 Mn + 0.06 Mn? — 1.75Cr
+ 0.01Cr? + 15.21Mo — 5.595i — 60.69(C + 1.2N)'/?
+26.27(C + 1.2N) (Cr + Mn + Mo)"? + 0.61[Ni (Cr + Mn)]'/?

where the elements are expressed in weight percentage and v° is
the SFE of pure y-Fe at room temperature, which is supposed to be
in the range 36 + 42 mJ m~2. This relation can be used to evaluate
the SFE of the steels used in the present research. According to the
authors [47], the maximum value for (C + N) is 0.45, well below the
nitrogen content in nitrided austenitic stainless steels (up to about
10 wt% [3]). So it was decided to neglect the N contribution in the
calculus, and ‘reduced’ SFE values were obtained, that can be used
for comparing the steels when they solubilise comparable nitrogen
contents. It results that for AISI 202 ‘reduced’ SFE ranges approx.
1+ 7 mJ m2, for AISI 304L 16 + 22 m] m~2 and for AISI 316L
51 + 57 m] m~2. Even if the nitrogen solubilisation, due to the
nitriding process, may decrease further on the SFE of all these alloys
[48], it is expected that the tendency to form shear bands and &’
martensite increases from AISI 316L to AISI 304L and then to AlSI
202, as indeed observed. It is interesting to note that, for samples
nitrided at 400 °C, the thickness of the modified layers tends to
increase in the same way, so that it may be supposed that shear
bands act as fast diffusion paths for nitrogen atoms. As a conse-
quence, slightly thicker and harder modified surface layers are
produced on AISI 202 steel, in comparison with AISI 304L and AISI
316L alloys. The thickness of the modified layers of the 300-series
stainless steels, about 5.7 pm as a whole, is comparable with that
measured by Egawa et al. [26] for AISI 304 and AISI 316 samples
plasma nitrided at 400 °C for 4 h, while it is significantly greater
than that measured by Sun et al. [6] for samples of the same alloys
nitrided at 400 °C for 5 h, but with a lower nitrogen content in the
treatment atmosphere. When nitrides are able to precipitate, as in
the 430-°C nitrided samples, the comparison of the thickness of the
modified layers for the different steels suggests that the formation
and the presence of nitrides are able to decrease the overall ni-
trogen diffusion rate, so that the thickest layers are observed when
the lowest nitride content is present, i.e. on AISI 316L steel. The
thickness values for AISI 304L and AISI 316L samples are slightly
higher than those obtained by Egawa et al. [26] for AISI 304 and AISI
316 nitrided at the same temperature.

The presence of nitrides influences the surface hardness of the
samples. Surface microhardness values, typical of a nitrogen rich S
phase [3], are detected when the nitride amount is small, as for AISI
316L samples. The great amount of nitrides causes a marked
hardness increase in AISI 304L samples. The lower hardness value
and its fairly high standard deviation for AISI 202 samples suggest
that the peculiar microstructure with a high content of &y
martensite and nitrides of this steel type causes an increase in
brittleness.

The formation of modified layers consisting mainly of S phase, as
those produced with 400-°C nitriding, allows to significantly in-
crease the corrosion resistance of all the considered alloys. While
steel composition markedly influences the occurrence of localised
corrosion phenomena for the untreated samples, when S phase
forms, the differences among the tested steels become much less

marked and a comparable corrosion behaviour is observed, in
accordance with our previous results [39].

On the other hand, localised corrosion phenomena are observ-
able on all the sample types nitrided at 430 °C, and they are related
to the presence of nitride precipitates, which prevent the matrix to
form a uniform and protective passive layer. As expected, the
number of pits is the greatest on AISI 202 samples, which have the
greatest amount of nitrides, while it is the smallest on AISI 316L
samples, which have the smallest amount. However, it is inter-
esting to note that, with the used treatment conditions, the
corrosion phenomena are limited for all the studied steels, and
corrosion resistance remains markedly higher than that of the
untreated alloys.

5. Conclusions

Low temperature glow-discharge nitriding, carried out at 400
and 430 °C, at 1000 Pa for 5 h on AISI 202, AISI 304L and AISI 316L
austenitic stainless steel samples produces modified surface layers,
the characteristics of which depend on both the treatment pa-
rameters and alloy composition.

The modified surface layers of all the sample types have a
double layer microstructure, with an outer layer, mainly consisting
of S phase, and an inner layer, in which a solid solution of interstitial
atoms in the slightly expanded austenite lattice, y(N,C), is present.
In the outer modified layer the presence of shear bands and ni-
trogen induced h.c.p. martensite, ¢y, is related to the stacking fault
energy of the alloys, and it influences the thickness of the modified
layers.

When nitriding was carried out at 400 °C, nitrides are not
detected in the modified layers. The corrosion resistance of all these
samples is significantly higher than that of the untreated ones, and
the influence of alloy composition is much less marked, so that all
the studied steels show a comparable corrosion behaviour.

When nitriding was performed at 430 °C, in the outer modified
layers CrN and h.c.p. nitrides, e-My_3N, form. Nitride formation is
promoted by the decrease of nickel content and increase of man-
ganese in the steel composition, so that nitride amount is greater on
AISI 202 samples. The presence of nitrides causes a decrease in the
corrosion resistance, which is more marked when greater amounts
of nitrides precipitate, as on AISI 202 samples.
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