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Abstract: Austenitic stainless steels are employed in many industrial fields, due to their excellent
corrosion resistance, easy formability and weldability. However, their low hardness, poor
tribological properties and the possibility of localized corrosion in specific environments may limit
their use. Conventional thermochemical surface treatments, such as nitriding or carburizing, are
able to enhance surface hardness, but at the expense of corrosion resistance, owing to the formation
of chromium-containing precipitates. An effective alternative is the so called low temperature
treatments, which are performed with nitrogen- and/or carbon-containing media at temperatures,
at which chromium mobility is low and the formation of precipitates is hindered. As a consequence,
interstitial atoms are retained in solid solution in austenite, and a metastable supersaturated phase
forms, named expanded austenite or S phase. Since the first studies, dating 1980s, the S phase has
demonstrated to have high hardness and good corrosion resistance, but also other interesting
properties and an elusive structure. In this review the main studies on the formation and
characteristics of S phase are summarized and the results of the more recent research are also
discussed. Together with mechanical, fatigue, tribological and corrosion resistance properties of this
phase, electric and magnetic properties, wettability and biocompatibility are overviewed.

Keywords: austenitic stainless steels; expanded austenite; S phase; low temperature treatments; low
temperature nitriding; low temperature carburizing; surface engineering

1. Introduction

Stainless steels are an important class of iron (Fe)-based alloys, which owe their name to their
capability to resist to general corrosion in many environments, so that staining or rusting is avoided.
In order to obtain this high corrosion resistance chromium (Cr) must be added in a content of at least
10.5 wt.%, so that an adherent, self-healing Cr-rich oxide film is able to form on the steel surface [1].
Nowadays stainless steels are employed in a plenitude of applications, from low-end ones, such as
furniture or kitchenware, to sophisticated ones, such as components for chemical and power
engineering industries, body implants or coronary stents [1-3]. Among the different classes of
stainless steels, the largest one in term of alloys and market share is constituted by austenitic stainless
steels, because they have excellent corrosion resistance, ease of formability and weldability, and they
can be employed from cryogenic temperatures to elevated ones [1,2]. In these alloys the face-centered
cubic (fcc) structure of austenite is stabilized by the presence of austenite-forming elements, like
nickel (Ni), manganese (Mn) and nitrogen (N). Ni, with the content of 8 wt.% or higher, is the basis
of AISI 300 series stainless steels, which are widely used. Ni is partly substituted by Mn and N in
AISI 200 series stainless steels, which have a higher strength and are cheaper than AISI 300 grades,
but they can show a lower corrosion resistance [4]. As alloy element, N is a useful tool for increasing
strength [3,5-9], fatigue properties [3,6,7,10], wear resistance [6,7] and localized corrosion resistance
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[3,7,11,12]. A small N content is added in traditional steels, as AISI 316LN (about 0.1-0.6 wt.%), while
larger amounts are present in the “high-N" stainless steels (>0.4 wt.%, according to Speidel [13]). As
austenite-stabilizing element, it is employed together with Mn in the so called Ni-free stainless steels
[3,9,13].

As drawbacks, austenitic stainless steels have low hardness and poor tribological properties,
which may affect the performances of components subjected to wear, and they may suffer localized
corrosion in specific environments, as in chloride-ion containing solutions. These limitations can be
overcome using surface engineering techniques, which are able to modify the surface characteristics
of the components by means of either coating with hard compounds, obtained with processes such
as physical vapor deposition (PVD), chemical vapor deposition (CVD) or plasmaspray, or modifying
the surface layers by means of diffusion processes [14]. Surface alloying of low alloy steels or tool
steels with N and/or carbon (C) using diffusion processes is a well-known and effective industrial
practice, which cannot be straightforwardly transferred to stainless steels. As an example, low alloy
steels and tool steels are usually nitrided at temperatures in the range 500-580 °C and the obtained
modified surface layers consist of an outer compound layer, in which Fe-based nitrides y'-FesN and
e-Fe2sN are present, and a diffusion layer, in which N is solubilized in ferrite and small alloy element
nitride precipitates form [15]. For austenitic stainless steels, the temperatures usually employed for
nitriding or carburizing treatments promote the precipitation of hard Cr compounds (nitrides,
carbides), so that that the Cr-depleted matrix is not able to form a uniform and protective passive
film and corrosion can easily occur [3,16]. Moreover, the oxide passive layer of these alloys, if it is not
previously removed, impedes a uniform treatment, hindering the uptake of interstitial elements from
the treatment atmosphere into the substrate [16].

It is now well assessed that, when operating at low temperatures, i.e., at temperatures at which
Cr diffusion is very low while interstitial atoms are able to diffuse (usually <450 °C for nitriding [3,17]
and <550 °C for carburizing [17]), it is possible to inhibit the formation of nitride or carbide
precipitates and to obtain modified surface layers which consist mainly of a metastable
supersaturated phase, so that hardness is improved without impairing corrosion resistance.

The discovery of the beneficial effects of low temperature nitriding and the possibility of
producing, in austenitic stainless steels, a phase now known as expanded austenite or S phase is
usually dated at mid-1980 and ascribed to the independent studies of Ichii et al. [18] and Zhang and
Bell [19]. As a matter of fact, these groups were not the only ones that, more or less in the same period,
discovered that, when operating at a temperature of about 400 °C, something new and unexpected
formed. In 1983 Zhang and Bell presented a study at an international congress, which was
summarized as an abstract in the proceedings [20], and they claimed that “low temperature plasma
nitriding at 400°C can produce a nitrided layer which has anticorrosion properties equivalent to the
original material”. The regular paper on this topic was published in 1985 [19], and here it was
reported that, according to an unpublished work dated 1984, plasma nitriding at 400 °C produced a
CrN-free surface layer, which was supposed to be composed of mixed y’-FesN and austenite. In 1984,
at an Italian congress, De Benedetti et al. [21] reported that plasma nitriding AISI 316 steel at 400 °C
produced a new phase, named €', which was supposed to be of the type (Fe, Cr, Ni, M0)2N1, similar
to the tetragonal FeNiN nitride. The regular article on an Italian journal (in Italian) was published in
1985 [22], and only in 1988 their study on this “new” phase was reported in an international journal,
but it regarded combined plasma nitriding treatments at high (500 or 600 °C) and low (400 °C)
temperature [23]. The first studies of Ichii et al. were reported in a Japanese journal (in Japanese) in
1985 [24], and the layer formed on SUS 304 (equivalent to AISI 304), plasma nitrided at 400 °C, was
ascribed to y-MsN (M=Fe, Cr, Ni...). Their well-known paper in English dated 1986 [18], and here the
authors observed that in the X-ray diffraction patterns of SUS 304 specimens plasma nitrided at 400
°C, beyond the peaks of austenite, five extra peaks were present, which were shifted to lower
diffraction angles in respect to austenite peaks. These shifted peaks, named S1-5S5, were not indexed
in the ASTM index, so the authors indicated the new phase as “S” phase, and supposed, also taking
into account its ferromagnetism, that it was a type of MaN. In the same year, Yasumaru and Kamachi
performed a similar study [25], the glow-discharge nitriding of AISI 304 at 350 °C, and they found
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similar X-ray diffraction patterns, but they supposed that the shifted peaks could be ascribed to a
face-centered tetragonal (fct) nitride, named Y.

It is hard to say whether these studies were really independent, or they were more or less
influenced by each other. The nitriding of austenitic stainless steels was made easier by plasma
techniques, which allowed to remove the surface oxide layers, so that treatments at temperatures in
the range 495-565 °C were well established since 1970s [26,27]. Nitriding at lower temperature has
been reported in literature, as in the technical note of Lerner [28], which was dated 1972 and showed
the effects of glow-discharge nitriding at temperature as low as 450 °C on AISI 304, or in the paper of
Spalvins [29], that was dated 1983 and regarded nitriding of low alloy steels and AISI 304 at 350 °C,
but the formation of something new was not recognized. On the contrary, in studies on N ion
implantation the lattice expansion of austenite was registered, and it was hypothesized that N was
retained in solid solution [30].

The beginning of low temperature carburizing is less uncertain, as recently reviewed by
Christiansen and Somers [31], and it dates back to 1983, when Kolster reported, in a technical paper
in German, a new process able to improve the wear and fatigue resistance of stainless steels without
impairing the corrosion resistance [32]. This process, which was the basis of the proprietary treatment
known as Kolsterizing, was probably inspired by previous studies [33] regarding the carburizing
reaction occurring between stainless steels and liquid sodium, used as cooling medium in liquid-
metal fast-breeder reactors and containing small amounts of C, in which Kolster was also involved
since 1970s [34].

As the observed “new” phase had many fathers, it also had many names. As recalled previously,
Ichii et al. [18] referred to it as a “S” phase, De Benedetti at al. [21,22] named it €', and Yasumaru and
Kamachi Yn [25]. The “S phase” name was adopted by Bell [17]. A few years later Hannula et al. [35]
referred to it as “expanded austenite”, Williamson et al. [36] as yn, which indicated “a high nitrogen
fcc phase” and Marchev et al. [37] as “m” phase, due to its characteristics of martensite phase, i.e., a
supersaturated solid solution originating from austenite. Today the most used names are “expanded
austenite”, “S phase”, yn (for the N-rich one) and yc (for the C-rich one). Even if it is indeed true that
this phase derives from an expansion of austenite lattice, many studies have shown that the
characteristics of this phase are beyond a simple expansion of austenite lattice, though someone can
be related to it. In the present review, the name “S phase” has been chosen, using it with the original
meaning, i.e., a phase having its diffraction peaks shifted as compared with those of austenite.

From the early studies, much research has been carried out on the formation, characteristics and
properties of the modified surface layers produced with low temperature surface treatments of
austenitic stainless steels, due to the attractive characteristics of the S phase. In fact, this phase allows
to enhance significantly surface hardness (up to 1450 HV for nitriding treatments [38] and up to 1000
HV for carburizing treatments [39]), wear and fatigue resistance and it is able to delay corrosion
phenomena in chloride-ion containing solutions. Up today more than a thousand of papers have been
published in academic journals, conference proceedings and professional reports on this subject.
While the research has flourished, the scale-up of some of the treatments used in these studies from
laboratories to production processes has been difficult, due to technological barriers [40]. However,
plasma, gas and salt bath processes are now commercially available [40].

The low temperature surface treatment of austenitic stainless steel has been recognized as an
important topic of surface engineering, and both briefs overviews, on general or on specific topics
[17,31,41-46], and more extended reviews [40,47,48] also have covered it recently. From the critical
review of Dong [47], dating a decade ago, research has proceeded, new techniques have been
employed to study the modified surface layers and the S phase, and new and interesting results have
been reported, suggesting even the possibility that the S phase cannot be considered only a
supersaturated solid solution of interstitial atoms in austenite. This review has the aim of
summarizing the main studies regarding the formation, characteristics and properties of the S phase
and the modified surface layers in which it is present, especially focusing on nitriding processes,
which have been the most investigated. Regarding the properties of surface modified austenitic
stainless steels, beyond the changes in hardness, tribological and fatigue properties and corrosion
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resistance, which are usually the most considered, this review reports the effects of the treatments on
magnetic properties, electric properties, wetting behavior and biocompatibility.

2. Types of S Phase

In the face-centered cubic lattice of austenite interstitial atoms, like N and C, are hosted in the
octahedral interstitial site at the center of the cell (and in the equivalent sites), and each interstitial is
surrounded by metal atoms in the neighboring lattice sites. The misfit strain associated with N, and
thus the lattice expansion, is larger than that caused by C, even if the atomic radius of N is smaller
than that of C [49].

According to phase diagrams, for pure Fe the maximum solubility of N in fcc y-Fe is about 10.3
at.% at 650 °C [50], and the maximum solubility of C in y-Fe is 9.23 at.% at 1147 °C [51]. When an
austenitic stainless steel as AISI 316 is taken into account, the equilibrium solubility in austenite is
very low, <0.65 at.% for N [47], while a C content lower than 0.015 at.% is employed in order to avoid
carbide precipitation [52]. However, when low temperature treatments in N or C containing gas
mixtures are carried out, the solubility of these interstitial atoms can reach values up to several
hundred times higher than the equilibrium solubility. As a consequence, depending on treatment
atmosphere, two supersaturated phase may form:

e  N-rich S phase, with a N content up to ~ 38 at.% [53], also well beyond of that of y’-FesN nitride

(19.3-20 at.% [50]), which maintains a fcc structure of the metal atoms;

e  C-rich S phase, with a C content up to ~ 19 at.% [54].

The profiles of the interstitial atoms as a function of depth are characteristic of low temperature
treatments, and they are depicted in Figure 1. When nitriding is performed, N profile vs. depth shows
high values at the surface, a steep decrease to lower values followed by a nearly constant plateau,
and then a further steep decrease to matrix values [42,47,55,56] (Figure 1a). For carburized samples,
a steep decrease from the high values at the surface, followed by a smoother decrease to matrix values
is observed [42,47,55,56] (Figure 1b). The thickness of the modified surface layers usually ranges from
a few um to some tens of pm, depending on the treatment parameters. However, studies on
treatments performed at the same temperature for the same duration have shown that the depth of
the modified layers is thicker for carburized samples if compared to that of nitrided ones [47,55,56].

Both the N- and C-rich S phases can be obtained using N- and C-containing gas mixtures and
carrying out the process as a single step or sequentially. The single step treatment is referred to either
as nitrocarburizing, taking into account that it is a low temperature treatment [42], or as
carbonitriding, since it is performed on alloys in an austenitic state [47]. Hereafter, this treatment is
indicated as nitrocarburizing, regardless of the term used by the authors. Sequential treatments have
been carried out performing either nitriding followed by carburizing [56] or carburizing followed by
nitriding [56,57]. For all these treatment types, both an outer layer consisting of N-rich S phase and
an inner C-rich S phase form. Taking into account the effect of both interstitial atoms, a smoother
profile is obtained, in comparison with that obtained with a nitriding only treatment [42,55,56,58]
(Figure 1c).

— nitrogen —— carbon —— nitrogen
——carbon

——carben

concentration (a.u.)
concentration (a.u.)
concentration (a.u.)

a depth (a.u.) b depth (a.u.) depth (a.u.)

c

Figure 1. Qualitative N and/or C profiles vs. depth: (a) nitrided (as in ref. [42,55,59]); (b) carburized
(as in ref. [42,55]); (c) nitrocarburized (as in ref. [42,55,56,60]) austenitic stainless steels.
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3. Formation of S Phase

3.1. Factors Influencing S Phase Formation

At the operating temperatures that are usually employed for the treatment of low alloy steels or
tool steels (500-580 °C for nitriding and 850-950 °C for carburizing), in austenitic stainless steels a
significant diffusion of Cr atoms occurs, so that, due to the high affinity of Cr to N or C, large amounts
of Cr nitrides or carbides are able to form. Otherwise, when low temperature treatments are
performed, the diffusivity of interstitial atoms (N and C) is several orders of magnitude higher than
that of substitutional elements (as Fe, Cr, Ni or Mn), which are relatively “immobile” in the lattice
[36]. The formation of nitrides or carbides, which should be thermodynamically favored, is hindered
and the interstitial atoms are apparently retained in solid solution, causing the observed “colossal”
supersaturation, as called by Cao et al. [52] and Christiansen and Somers [53].

The transition from an interstitial solubilization to the formation of an austenite matrix
containing nitrides or carbides is usually depicted in a time-temperature—transformation plot [17,46].
At high temperatures, as 1150 °C, a N solubilization can occur with high N2 pressures [59]. As
treatment temperature is lowered, longer treatment durations are needed in order to produce nitride
precipitation.

Similar plots do not take into account that other factors may influence nitride (or carbide)
precipitation. The feeding of interstitial atoms is an important factor, which influences the formation
of precipitates. Regarding plasma nitriding, it has been shown [61-63] that the decreasing of
treatment pressure causes an increase of the ion and fast neutral energy, owing to the increase of
voltage drop between the electrodes and the mean free path of the species present in plasma. As a
consequence, an enhancement of nitriding efficiency and a greater N feeding occur [61-63], so that
nitride precipitates are also able to form at temperatures at which this phenomenon should be
delayed [62]. For example, although at 430 °C CrN precipitation in AISI 316 occurs, according to Bell
[17], for times longer than about 30 h, a substantial amount of CrN precipitates can form in AISI 316L
when using pressures of 500 Pa or lower for a 5-h treatment duration [62].

The formation of nitride or carbide precipitates is also influenced by the alloy elements present
in the austenitic stainless steels. It is now known that Cr, which is also a nitride-/carbide-forming
element, promotes the formation of the S phase. Fe-Ni or Fe-Mn alloys, having a fcc structure, have
been reported to be not able to form S phase [64,65], but an expansion of the austenite fcc structure
has been observed in ion-beam nitrided Invar (Fe-34Ni) [66] and in triode-plasma nitrided Invar 36®
(Fe-36Ni) [67]. The presence of a fairly great content of Mn, like that present in AISI 200 series and
Ni-free austenitic stainless steels, tends to promote nitride formation at temperatures at which AISI
300 series stainless steels do not produce nitride precipitation, since Mn is a nitride-forming element
[55,68]. For example, plasma nitriding of AISI 202 and AISI 316L samples at 400 °C and 500 Pa for 5
h or at 430 °C and 103 Pa for 5 h caused the formation of sensible amounts of nitrides in AISI 202,
while in AISI 316L specimens they were not detected [69]. Nitride precipitation is particularly
relevant in Ni-free austenitic stainless steels [55], and thus it has been suggested that nitride-free
modified layers are almost impossible to produce [47]. However, using temperatures as low as 360
or 380 °C and a pressure of 340 Pa, nitride-free layers were obtained on a P558 (17.7 wt.% Cr, 10.5
wt.% Mn, 0.20 wt.% C and 0.53 wt.% N) steel [70]. Regarding AISI 300 series stainless steels, it has
been shown that AISI 316L has a lower tendency to form nitrides, if compared to AISI 304L [71,72].
It has been hypothesized that molybdenum (Mo) atoms tend to stabilize the structure of the S phase
attracting N atoms around themselves, so that Cr nitride precipitation is prevented [72]. Owing to
the importance of alloy elements in the formation and stabilization of the S phase, it has been
suggested that alloy composition can be tailored adding nitride-forming elements, such as Mo, Ti
and Al, in order to delay Cr nitride precipitation [73].

3.2. Activation of the Surface of Austenitic Stainless Steels and Pre-Treatment Processes

When low temperature treatments are carried out on austenitic stainless steels, the first and
fundamental step, which allows to obtain a correct and homogeneous treatment of the specimens,
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consists of removing the passive film, which should hinder the diffusion of the interstitial atoms into
the substrate. Plasma-based techniques, such as direct current (DC) [17,37,45,63], pulsed DC [41,74—
76], radio-frequency (RF) [77-79] and active screen [80-82] plasma processes, and plasma-based ion
implantation [77,83] and ion beam implantation [83,84] techniques take the advantage of the fact that
during the process the ion bombardment of the sample surface allows both its cleaning and
activation. In many studies and industrial processes this sputtering step is carried out as a pre-
treatment before the low temperature treatment. Different gas mixtures, such as Ar [84], Ar-H: [76],
Nz-H: [45,76], have been used for this pre-treatment, and it has been shown that the gas mixtures
influence the characteristics of the produced modified surface layers [76]. Recently Borgioli et al. [85]
reported that, when performing a low pressure treatment with aN-containing atmospherewith
conditions similar to cathodic sputtering, it is possible to activate the surface, heat the samples and
obtain a significant incorporation of N atoms, so that thin modified surface layers consisting mainly
of the S phase can be obtained in a fairly short duration.

For gas-based treatments the employed gaseous atmospheres are not usually able to remove the
passive film, so that activation pre-treatments are required. Some activation treatments have been
recently reviewed by Somers and Christiansen [86]. Stripping the passive film and replacing it with
a thin metallic layer (nickel [57,87] or iron [88]) allow to prevent surface repassivation and can
catalytically promote the dissociation of gaseous species at the surface. The passive film can also be
removed using chemical etching [89], or with the addition of reactive compounds, as halogen-based
ones, to the gaseous atmosphere [90], or using reducing gases as mixtures of acetylene-hydrogen
atmospheres at high temperatures [86], or with ion sputtering [89,91]. Baranowska [89] and
Baranowska et al. [91] pointed out that the activation process influences the N adsorption in gas
nitriding treatment.

3.3. Phenomena Influencing Interstitial Diffusion and S Phase Formation

When nitriding, carburizing or nitrocarburizing treatments are performed, the interstitial atoms
can diffuse in the substrate and concentration profiles like those depicted in Figure 1 are obtained.
These profiles are different from the one that can be obtained with the standard analytic solution of
the diffusion equation, which applies for concentration independent diffusion in a semi-infinite solid
at constant surface concentration and for which the complementary error function can be used, or
even from the profile which can be obtained nitriding a low alloy steel [92]. Comparing the thickness
values of nitrided layers reported in literature with the diffusion values for N in fcc austenite,
Williamson et al. [36] showed that, when S phase layers form during low temperature nitriding, N
diffusion is four to five orders of magnitude faster than expected for N in fcc austenite, and the
activation energy, evaluated as 140 k] mol, is significantly reduced. Many efforts have been made
in order to explain this enhanced diffusion, and many models have been suggested in order to
correctly take into account the different phenomena which can influence it, and thus reproduce the
experimental profile. The main effects which have been hypothesized to influence the enhanced
diffusion and “colossal” supersaturation can be summarized as follows.

e  Concentration-dependent diffusion. The diffusivity of interstitial atoms in the S phase seems to
be dependent on their concentration and not by a composition gradient. Mandl et al. [93]
calculated the N diffusivity from concentration profiles of N-implanted samples and they found
that N diffusivity depends on concentration, with a high value for high N content and low value
for low concentration. It has been hypothesized that the increase of the lattice constant during S
phase formation changes the electron density distribution, so that an increase of diffusivity
occurs due to the lowered potential barriers between two interstitial sites. The difference
between the faster N diffusion in the S phase than in austenite is supposed to produce the
plateau-shaped N profile with sharp leading edge. This model is also able to explain the shape
of C profile vs. depth, which is more similar to an error function, since the C-rich S phase has
smaller lattice expansion than the N-rich S phase. Christiansen and Somers [94] determined the
N diffusivity in the S phase from the stepwise de-nitriding kinetics of initially fully nitrided
homogeneous and stress-free foils. The diffusion coefficient, fitted with a Lorentzian function,
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resulted to increase up to a N occupancy yn (i.e., the degree of occupied octahedral interstial
sites; in a fcc lattice is equivalent to the number of interstitial atoms per metal atom) of 0.45 (i.e.,
~31 at.%) and then it decreased. For the same nitriding temperature (420 °C) N diffusion
coefficient in AISI 304 and AISI 316 was comparable up to yn < 0.45, and then it was higher for
AISI 316 than for AISI 304. The authors hypothesized that the occurrence of a maximum in the
diffusion coefficient is related to an antagonistic effect due to N solubilization. N atoms are
hosted in the octahedral interstice sites of fcc lattice. As more N atoms are solubilized, the lattice
expands, an enlargement of octahedral and tetrahedral interstices occurs, the transfer of N atoms
from an octahedral site to a tetrahedral interstice (which is considered the activate state for
interstitial diffusion in fcc lattice) is facilitated, and thus the activation energy for N diffusion is
reduced. As a consequence, N diffusivity increases as N content is higher. As N content increases
more and more, the probability that a neighboring interstitial site is occupied is higher, reducing
the probability that a N atom in the activated state can jump in an unoccupied site, thus
hindering N diffusion.

e Trapping of N in Cr sites (trapping-detrapping model). Williamson et al. [95] hypothesized that
the formation of a N supersaturated phase occurs due to Cr atoms, which tend to trap N atoms
in the nearby octahedral sites, with the binding energy of trap sites higher than that of regular
solution sites. When all Cr trap sites are occupied, additional N can rapidly diffuse through the
S phase layer to reach the leading edge of the N profile. This model was refined by Parascandola
et al. [96], formalizing it with a diffusion equation which included not only trapping but also
detrapping, that was suggested by the peculiar depth profile of N and “N sequentially
implanted [97]. More recently N mobility in austenite lattice was also assessed by Christiansen
et al. [98] using sequential plasma and gas nitriding with N isotopes. On the basis of previous
observations of the nitriding and de-nitriding of AISI 316 thin foils, according to which a fraction
of N content of about 15 at.% was not fully retractable in a reducing atmosphere of flowing
hydrogen while a N content in the range of 15-38.1% was fully retractable [53], the authors
hypothesized that at least two states of N bonding in a homogeneous S phase are present, and
non-retractable N is associated with short-range ordering with Cr. Their experimental study [98],
in which AISI 316 samples were plasma nitrided with *N-enriched N2 gas, then gas nitrided in
1“NHs and at last gas de-nitrided in Hz for N retraction, confirmed this hypothesis, and showed
that ®N atoms, incorporated at the surface with plasma nitriding, were indeed redistributed by
the subsequent gaseous nitriding under the influence of a N concentration gradient.

e  Stress-assisted diffusion. The high compressive residual stresses, which are produced in the
nitrided layer as a consequence of the high expansion of the fcc lattice due to N solubilization,
are able to influence N concentration at the surface, as well as its diffusivity. According to
Christiansen and Somers [94], the N chemical potential depends not only on N activity and
temperature, but also on hydrostatic stress derived from compressive residual stresses parallel
to the surface. As a consequence, the compressive elastic stress acts to change N surface
concentration in the stressed S phase, in comparison with unstressed one. The stress induced by
the concentration gradient of N atoms in the solid affects N diffusion, because the elastic field is
capable of creating an additional component of the driving force for N transport. Stress-induced
diffusion has been included to model N diffusion considering concentration-independent
diffusion [99], concentration-dependent diffusion [100,101], and concentration-dependent
diffusion combined with trapping effect [102], and a good reproducibility with experimental
data has been obtained.

Besides these effects, other phenomena may influence N diffusion. In particular, it has been
observed that N concentration and penetration depth are different for the different crystallographic
orientations and, referring to the different planes, they increase in the order (111) < (110) < (001)
[103,104]. Martinavicius et al. [103] observed that N diffusivity varied with surface orientation during
ion nitriding, but it was isotropic during annealing after nitriding, and they hypothesized that this
behavior was related to irradiation effects on the surface. Wu et al. [104] registered different surface
N concentrations and depths for grains with different orientations in gas nitrided AISI 316L samples.
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These authors, also taking into account other studies, hypothesized that the different N diffusion in
differently oriented grains can be ascribed to both different N concentrations at the surface and
differences in residual stress for different grains, since AISI 316L is elastically anisotropic. In fact, the
elastic modulus is the greatest for <111> direction and the smallest for <100> one, so that the
compressive stress tends to increase fastest in <111>-oriented grains and slowest in <100>-oriented
grains, which are more compliant. Elastic anisotropy in stress-assisted diffusion was recently
considered in a kinetic model developed by Moskalioviene and Galdikas [105], in which the
anisotropy of absorption was also taken into account. A recent multi-physics thermo-chemical-
mechanical model combined 1-dimensional N diffusion in the depth direction with a concentration-
dependent diffusivity, elasto-plastic accommodation of the lattice expansion, stress-gradient-induced
diffusion of N atoms, solid solution-strengthening by N and trapping of N by Cr atoms, and it
obtained a very good agreement between the predicted and experimental composition—depth profiles
[106]. The model also allowed to evaluate the compositional, thermal, plastic and elastic contributions
to the strain, induced on austenite lattice due to the formation of the S phase, and to obtain a trend of
the residual compressive stresses in the surface layers.

3.4. Thermal Stability and Decomposition of the S Phase

The S phase is a metastable phase, and thus it tends to transform both when the treatment
temperature is too high and duration is too long, and when the service temperature is too high. It has
been observed that from the N-rich S phase CrN tends to form [17], while from the C-rich S phase Cr-
based carbides M23Cs and M7Cs and Fe-based Hégg carbide y-MsC: tend to form [54].

By using isothermal annealing procedures of nitrided or carburized specimens several authors
have studied the thermal stability of the S phase and its decomposition. The study of Li [107] on AISI
316 plasma nitrided specimens annealed from 100 to 600 °C for durations as long as to 3000 h showed
that S phase tends to decompose forming CrN and body-centered cubic (bcc) a-Fe, while the fcc phase
is progressively depleted in N. The incubation time for this transformation ranges from minutes at
500 °C to thousands of hours at 300 °C, and it has been hypothesized that years are needed for the
decomposition at 300 °C or below. A similar result was found by Christiansen and Somers [108], but
these authors pointed out that temperature and time of the transformation also depend on alloy
composition. When studying the decomposition kinetics of AISI 304L and AISI 316L specimens,
subjected to gas nitriding at 430 °C for 28 h, by means of isothermal annealing from 30 to 900 °C in
inert (N2) and reducing (Hz) atmospheres, they observed that the AISI 316L steel tends to be more
stable than AISI 304L. In a reducing atmosphere the S phase in AISI 304L decomposes in a-Fe + CrN,
while for AISI 316L y-Fe and CrN form. The formation of a lamellar structure consisting of a-Fe and
CrN has also been reported for AISI 316 nitrided at high temperatures [109], while dendritic
structures of a-Fe and CrN have been observed at grain boundaries and inside the grains of AISI 316
nitrided with RF and plasma immersion ion implantation processes [77]. The decomposition of the S
phase and the formation of a-Fe and CrN have also been observed for AISI 304L and the Mn-rich
Staballoy AG17®, while in the Ni-rich RA 330° steel the S phase has decomposed in Cr + (Ni-
stabilized) y-Fe [110]. The delayed CrN formation in Mo-containing stainless steels was also
registered by Mandl et al. [111], who showed that in ion implanted X6CrNiTi18.10 specimens CrN
was able to form after 2 h at 425 °C, while it was not observed in X6CrNiMoTil17.12.2.

Regarding the thermal stability of the C-rich S phase, studies on the isothermal annealing of AISI
316, carburized at 450 °C for 20 h, have shown that the temperature, at which decomposition occurs
in thousands of hour, is 350 °C, that is higher than that of nitrided samples [112]. Hagg carbide y-
MsC2 and MyCs form in a S-phase zone with a C content of 10.7 at.% at the surface after prolonged
carburizing at 475 °C up to 44 h [113]. A study on gaseous carburizing of AISI 316 foils and powder
in the range 380-470 °C showed that the formation of Hagg carbide in the S phase happens regardless
of the treatment temperature, when the C content in S phase exceeds the metastable solubility limit
(19 at.%), and the decomposition of x-MsCz into M7Cs occurs when the carburizing treatment is
prolonged or the samples are maintained at temperatures above 600 °C [54]. When the annealing of
homogeneously carburized powder has been carried out, for a C content of about 5.3 at.% mainly
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M23Cs has developed, while for a C content of about 13 at.% MrCs has been detected, but x-MsCz has
not been observed [31,48].

On the basis of the extrapolations of experimental data it has been supposed that S-phase layers
have a long term stability (>10 years) when the service temperature is lower than about 200 °C
[107,108,112].

4. Characteristics of the S Phase

4.1. Surface Morphology

The formation of modified surface layers, consisting of S phase, also influences surface
morphology, as depicted in Figures 2 and 3. The peculiar surface features of low temperature nitrided
austenitic stainless steels, such as well delineated grain boundaries, slip bands and reliefs, were noted
as early as 1986 by Yasumaru and Kamachi [25], and then reported by many authors [62,70,110,114—
120]. These features result enhanced in plasma-based nitriding processes, especially at low pressures
[62,114,117], due to the more intense etching effects of ion bombardment, which affects more or less
the grains depending on their orientation [121], but they have also been observed for gas nitrided
specimens [118,119].

Figure 2. Surface morphology of an AISI 316L sample plasma nitrided at 400 °C, 3 h: (a) Scanning
electron microscopy (SEM) image; (b) detail with the activated slip systems; (c) electron backscatter
diffraction (EBSD) mapping of the image (b) with the calculated Schmid factor. For further details,
see [120]. (Reprinted from Acta Materialia, 83, J.C. Stinville, ]. Cormier, C. Templier, P. Villechaise,
Modeling of the lattice rotations induced by plasma nitriding of 316L polycrystalline stainless steel,
10-16, Copyright (2015), with permission from Elsevier).



Metals 2020, 10, 187 10 of 46

Figure 3. Detail of the surface morphology of an AISI 316L sample plasma nitrided at 430 °C, 10° Pa,
5 h. For further experimental details, see [116].

N solubilization in fcc austenite well beyond the solubility limit causes a large lattice expansion
in the part of the grains affected by nitriding. Since each grain is constrained by its neighbors, the
expansion parallel to the surface tends to be inhibited, leaving the morphology of the grains at the
surface more or less unchanged, and high internal compressive stresses develop. Even if the yield
stress is increased by solid solution strengthening, all these compressive stresses cannot be
accommodated only elastically, so that, when these stresses exceed the critical shear stress, local
plastic deformation phenomena occur, the effects of which are easily observable at the surface. Slip
bands are present inside the grains, crossing them in different directions depending on
crystallographic orientation, in some grains a chess-board like morphology is present when two slip
systems are activated, relieves are observed at grain boundaries as a consequence of a swelling effect,
and some grain boundaries lean forward on adjacent grains. For treatments having long durations,
as those carried out by Stinville et al. [122] on AISI 316L at 400 °C for 33 h, cracks and the beginning
of delamination are also observable. According to Stinville et al. [120], the slip systems are those
typical of a plastically deformed fcc metal, with <110> slip directions in {111} glide planes. The strain
associated with plasticity in the direction perpendicular to the nitrided surface depends on grain
orientation and, taking into account the swelling of the grains in comparison with the thickness of
the nitrided layer, it has been estimated to reach values as high as 20% [123]. This elongation cannot
be obtained only as a consequence of the expansion of the crystal lattice due to N solubilization (about
9% at the surface for a N concentration of ~ 33 at.%, taking into account the change of lattice parameter
[123]), so the effect is supposed to be also caused by elastic strain, originated by in-plane biaxial
residual stresses, and plastic strain. Plastic deformation occurs when resolved shear stress reaches a
critical value, which is probably due to a critical value of solubilized N atoms. Stinville et al. [123]
hypothesized that plastic deformation is initiated close to the nitriding front where N concentration
increases from 0 to 15 at.% and then it extends in the nitrided layer with the forward movement of
the nitriding front.

X-ray diffraction analysis of single crystals and polycrystalline specimens subjected to ion beam
nitriding [124] and EBSD mapping of polycrystalline specimens subjected to plasma nitriding
[122,125] have shown that the rotation of crystal lattice in the nitrided region of the grains occurs.
Due to the plastic anisotropy of the fcc lattice and the interaction with the neighboring grains, in
polycrystalline specimens the rotation angle amplitude and direction of each grain depend on its
orientation before nitriding and N concentration [122,125], but, overall, the texture tends to evolve
towards the <001> and/or <111> orientations [46,122,125]. Lattice rotations up to 3° toward <111> and
up to 4° toward <001> have been reported for AISI 316L samples plasma nitrided at 400 °C for 8 h
[125]. As plastic deformation begins, a continuous increase of lattice rotation occurs as N content
increases, so that a gradient of lattice rotation associated with the gradient of N concentration has
been observed [126]. As pointed out by Stinville et al. [125], the trend of the observed plastic rotation
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is similar to that observed on polycrystalline aluminum subjected to tensile test, suggesting that this
plasticity effect is equivalent to that produced by a tensile elongation along the normal surface [120].
Additionally, the swelling effect is dependent on grain orientation, so that the swelling of the near-
oriented <100> grains is higher than the swelling of the near-oriented <111> or <101> grains [123].

It is interesting to note that the features caused by plastic deformations are well observable on
samples which have been polished before nitriding, while they are not observable on rougher
surfaces [127], which are probably able to better accommodate plastic deformations.

The occurrence of plastic deformations, swelling and grain rotation influences not only surface
morphology but also surface roughness of the samples, which tend to increase [70,117,128]. In plasma
treated samples ion bombardment also affects surface roughness, since a plasma etching occurs [117].

Surface features, similar to those observed in nitrided specimens, are also observable on samples
subjected to carburizing with the Kolsterising process [129,130] or with plasma process [131], and
plastic deformation and grain rotation have been observed [131].

4.2. Microstructure and Phase Composition of the Modified Layers

Since the early publications on this topic, the modified surface layers produced with low
temperature treatments have been reported to be a nearly featureless layer, in comparison with the
etched matrix. This resemblance to the compound layer formed in nitrided low alloy steels, suggested
that the “new” phase produced with nitriding treatment might be a nitride [18,21,22,25,64], or a
mixing of nitride and austenite matrix [19]. By comparing the micrographs present in literature it
may be argued that this featureless appearance was probably due the type of chemical etching used
to outline the layer. Etchants as a solution of HCI and H202 [18], nital [21,22] or Marble’s reagent [19]
seemed to be not able to etch N-containing S phase, just as they do not etch nitrides, supporting the
hypothesis of the formation of a layer consisting of an unknown nitride. The ability of different
etchants to outline the characteristic features of the modified layer microstructure, observable in
cross- or tapered sections, can be inferred comparing the micrographs reported in literature, and it
was also suggested by Borgioli et al. by comparing the micrographs of nitrided AISI 316L samples
etched with glyceregia and glyceregia enriched in glycerol [116] or in HCI [62]. Thus, the proper
etching solutions and conditions should be used to delineate all the microscopy features present in
the modified surface layers.

The cross- and tapered section microstructures of an AISI 316L sample nitrided at 380 °C and
340 Pa for 3 h are shown in Figure 4. X-ray diffraction patterns of the same sample, also showing the
austenite substrate, y-Fe, and the untreated steel, are depicted in Figure 5. The etching clearly
delineates two layers, an outer thicker layer, in which slip lines are present, and an inner layer
without evident features. The interface with the substrate does not appear as a discrete boundary,
such as a high-angle boundary [77]. Even if the formation of a two-layer microstructure has been
reported by some authors [41,57,66,68,70,71,76,94,132,133] and it is also apparent in micrographs
present in several papers [47,61,64,72,115,134,135], it is often neglected, and the inner layer has been
reported as an interface resulting from the steps formed by mechanical grinding and polishing of the
metallographic specimens and due to the differences in hardness [47]. The examination of tapered
sections, as that reported here in Figure 4b or present in literature [64,133], as well as of cross-sections
of samples of different austenitic stainless steels [57,68,70,71], indicates that the inner layer is not an
artefact but a real feature of the nitrided layers.
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Figure 4. Cross-section (a) and tapered section (~10°) (b) of an AISI 316L sample plasma nitrided at
380 °C, 340 Pa, 3 h. For further experimental details, see [70]. (Etchant: acetic glyceregia (3 mL HCl, 2
mL HNOs, 2 mL acetic acid, 1 drop of glycerol; in (b) the marker refers to the length in the tapered
section)).
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Figure 5. X-ray diffraction patterns of AISI 316L samples: (a) untreated; (b) plasma nitrided at 380 °C,
340 Pa, 3 h (Bragg-Brentano configuration, Cu Ko radiation). For further experimental details, see
[70].

Even if the formed modified layers are fairly homogeneous, grain-to-grain variation in thickness
may be observed, owing to different N diffusion in differently oriented grains [104,124], as also
pointed out by Abrasonis et al. [124] when studying ion beam nitriding of single crystals. Etching
also allows to outline the grain boundaries, which appear as the continuation of the austenite matrix
grain boundaries, and the continuation of the characteristics twins present in the matrix has been
observed [116]. Both grain boundaries and twins may show a slight rotation with respect to the
substrate, in accordance with the analysis of the surface (see Section 4.1.) [126].

In the outer modified layer many lines can be observed. Their number and extension in the
substrate depend on nitriding condition and alloy composition [70,71]. These lines are well
observable in tapered section, where the complex structure of slip lines and shear bands (here
intended 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 [71,136]) due to the plastic deformation of the
outer part of the modified layer is easily recognizable [71]. In the X-ray diffraction analysis of the
nitrided layers, beyond the peaks of the S phase, the presence of additional peaks has been reported
[57,68,70,71,137]. These peaks have been ascribed to a solid solution of N in hexagonal close-packed
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(hcp) martensite, ex’ [137]. The occurrence of this phase has been related to the plastic deformation
caused by the formation of nitrided layers [68,71,137]. In fact, when plastic deformations occur in
austenitic stainless steels, a perfect dislocation may dissociate into two Shockley partials on the {111}
slip planes, and form wide (intrinsic) stacking faults, in which the ABCABC stacking, characteristic
of a fcc lattice, become an ABAB stacking, characteristic of a hcp structure [136,138]. This stacking
faulted region may be regarded as a thin, four lattice plane-thick hcp & martensite crystal. When
regular overlapping of stacking faults on every second {111} plane occurs, an & martensite plate
forms. The a’ martensite, having a body-centered tetragonal (bct) lattice, may also nucleate at the
intersection of & martensite laths [136,138]. It has been suggested that, when the width of stacking
faults diverges, shear bands extend through the austenite grains [136]. The formation of shear bands
and ¢ martensite is supposed to be favored when the stacking fault energy (SFE) of the steel is low
[136]. SFE depends on the chemical composition of the steel [3,139], and is also influenced by
solubilized N, which is supposed to decrease SFE further on [140]. As a consequence, while steels like
AISI 202, having a low SFE, usually have many shear bands in the modified layers and show the
presence of a fairly high content of hcp phase in X-ray diffraction patterns [68,70,71,117], alloys as
AISI 316L [57,69-71] and AISI 316 [57] usually have few slip lines observable in the cross-section of
the modified layers and hcp &Y’ is hardly detectable. On the basis of their study on AISI 304L, high-
Mn low-Ni Staballoy AG17® and high-Ni low-Mn RA 330® austenitic stainless steels, triode-plasma
nitrided in the range 400 — 450 °C for 4 and 20 h, and of literature data, Tao et al. [110] concluded that
a correlation exists between localized lattice distortion under N-induced strain and the SFE of the
substrate. Strain induced hcp & martensite transformation is energetically favorable for alloys with
low SFE, as AG17®, while, as SFE increases, twinning deformation tends to be promoted under strain,
and the contribute of martensite transformation decreases.

A deeper insight of the characteristics of the modified layers has been obtained by using
transmission electron microscopy (TEM) observations. TEM analysis have shown the presence of
dislocations, twins, stacking faults, slip bands and lamellar structures ascribable to a hcp phase
analogous to the & martensite [35,77,110,114,137]. Strip-shaped regions, about 3-25 nm wide [141],
nanotwins and bundle structures consisting of a large number of stacking faults [142] have been
observed. Selected area electron diffraction (SAED) patterns usually show different features, as those
sketched in Figure 6. In the SAED patterns collected in the zones rich of defects a “streaking” of the
<111> pattern of the S phase has been observed [35,142-144], and it has been shown to correspond to
a high density of stacking faults on the {111} planes of S phase [110]. Spots characteristics of twins
have also been observed [141,142,144]. In the SAED patterns, spots indexed as ascribable to a hcp
structure have also been reported [35,110,114,137]. As recalled previously, it has been supposed that
hcp stacking, ABAB, derives from an arrangement of stacking faults on every second {111} austenite
plane. The hcp structure is coherent with the matrix and it shows the Shoji-Nishiyama orientation
relationship typical of austenite, y, to hcp martensite, ¢, transformation, {111}, // {0001}+ and [1101, //
[1120]« [110,137]. According to Lei et al. [137] this hcp structure can be regarded as equivalent to &
martensite produced by the plastic deformations caused by the formation of the modified layers and
having larger lattice parameters due to N solubilization. This hypothesis has been accepted by many
authors [57,68,70,110,114], also for explaining the additional peaks present together with S phase in
X-ray diffraction patterns, which are ascribable to a hcp structure. However, according to Tong et al.
[141], these regions should be regarded as “clustered” stacking faults, instead of nanometric plates of
N-rich ex’ martensite.
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Figure 6. Sketch of the electron diffraction features observable in modified surface layers produced
by low temperature nitriding. For further details, see [110]. (Reprinted from Acta Materialia, 164, X.
Tao, X. Liu, A. Matthews, A. Leyland, The influence of stacking fault energy on plasticity mechanisms
in triode-plasma nitrided austenitic stainless steels: Implications for the structure and stability of
nitrogen-expanded austenite, 60-75, Copyright (2019), with permission from Elsevier).

The SAED patterns of the S phase are characterized by broad diffuse electron diffraction spots
[77] and seem to indicate an almost isotropically expanded fcc structure [77,110]. However, several
authors [35,114,141,142,145] have observed additional weak reflections, which correspond to
forbidden reflections of a fcc structure, suggesting a primitive cubic lattice. Str6z and Psoda [142]
detected weak forbidden spots of {100} type in SAED patterns. Dark field observations highlighted
very small regions contributing to the spot. In the high resolution TEM (HRTEM) image of the region,
every second (100) lattice plane showed a different contrast, which might be due to a different
chemical composition. The authors suggested that the forbidden spots may be caused by a short-
range ordering process, and hypothesized the formation of the y’-FesN phase, with N at the center of
the octahedral site. The presence of y’-FesN was not detected by X-ray diffraction analysis. Jiang and
Meletis [143] analysed intensified plasma assisted nitrided AISI 316 specimens by means of TEM and
HRTEM and observed forbidden reflections of the fcc structure, thus concluding that the obtained
phase had a simple cubic structure, in which N atoms occupied only one of the four interstitial
octahedral sites, analogous to the y’-FesN nitride structure. This phase was present over the entire
specimen cross-section, and no second phase and/or precipitates were detected. Dark-field image
suggested that the phase was formed as a domain structure rather than a precipitate structure.
Antiphase domains and antiphase boundaries were observed with HRTEM. The formation of a y'-
FesN-like ordered phase was also recently observed by Che et al. [146] in Fe-Cr-Ni austenitic alloys
and AISI 304L, subjected to plasma-based low-energy N ion implantation treatment at 380 °C for 4 h.
While the alloys with a Cr content lower than 12 wt.% had a clear two-layer structure, consisting of
an outer y’-FesN layer and an inner S-phase layer, the alloys with a Cr content greater than 12 wt.%
had a featureless modified layer. In this layer X-ray diffraction analysis and TEM showed the
presence of an outer region, in which y’-FesN-like long-range ordered phase was present, and an inner
zone consisting of interstitially disordered S phase. A long-range ordered structure analogous to y'-
FesN was also supposed to form in AISI 316 foils gas nitrided in order to have a homogeneous N
content of 35.5 at.% (y~= 0.55) on the basis of X-ray-diffraction analysis and conversion electron
Mossbauer spectroscopy (CEMS) results [147].

The presence of nano-sized clusters can be observed only by TEM, field ion microscopy (FIM)
or atom probe tomography (APT). Nano-sized precipitates were observed with FIM by Martinavicius
et al. [148] on nitrided layers, which, according to X-ray diffraction analysis, appeared to be
constituted by the S phase only. At about 6-pum depth, precipitates of ~ 10 nm were observed as being
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often aligned in a row and on grain boundaries. Deeper in the nitrided layer (~ 16 um), these
precipitates were smaller (~ 5 nm) and less abundant, and they tended to maintain their row
alignment. A successive APT investigation [149] showed that nanometric MN (M = Cr, Fe)
precipitates tend to form preferentially at planar defects. Preferential bonding of N to Cr atoms has
been observed (see Section 4.3.). On the basis of the observation of these short-range ordered Fe-Cr-
N clusters Sasidhar and Meka [150] hypothesized that the “colossal” supersaturation implies a
spinodal decomposition, which produces the nano-sized precipitates.

When temperature, duration or N feeding increase, nitride precipitates tend to form, especially
at grain boundaries [17,19,62,116,144], and they appear as strongly etched regions in the micrographs.
CrN is usually detected with X-ray diffraction analysis or TEM analysis, and these precipitates are
enriched with Cr [19,62,68,77,116,137,144].

Another peculiar feature shown by low temperature nitrided samples is the presence of the thin
inner modified layer, which may be hypothesized to be constituted by a solid solution of interstitial
atoms (N, C) in fcc austenite. In X-ray diffraction patterns this phase, indicated as y(N, C) in Figure
5b, can be detected as a fcc phase with the peaks slightly shifted towards lower angles in comparison
with those of austenite, and it can be observed in many X-ray diffraction patterns reported in
literature [25,36,68,71]. The lattice expansion of this phase is fairly low, with a lattice parameter
increase of about 0.6% [68]. Many hypotheses have been suggested to explain the formation of this
layer. Some authors have reported an increase of C content in correspondence with this inner layer
[76,132,151]. Czerwiec et al. [76] and Michler [132] hypothesized that this C-rich layer formed as a
consequence of C contamination due to a sputtering step performed with Ar-Hz gas mixture before
nitriding. However, this layer has also been observed when the sputtering step before plasma
nitriding has been carried out with N2>-H> gas mixtures [68,70,71], which should be efficient in
removing C adsorbed on the surface of samples [76], or using plasma immersion ion implantation
[151]. It has been suggested [152] that the insertion of N atoms, due to nitriding, pushes the free C
atoms head, leading to an accumulation of C at the end of the N profile, due to a possible interaction
among the interstitial atoms during diffusion. This hypothesis is in accordance with the trapping—
detrapping model, according to which each Cr atom in the stainless steel is associated with a trap site
for one interstitial, thus it can arrest diffusing interstitial atoms. Since Cr has higher affinity for N
than for C, the trap sites near the surface are preferentially filled with N atoms, while C atoms diffuse
deeper in the bulk to occupy unfilled trap sites. C atom accumulation at the end of N profile has also
been observed in gas nitrided specimens [59,153], and the maximum measured value increases as the
C content in the steel is higher [59]. Williamson et al. [66] hypothesized that the mechanism of
formation of two layers is related to the very high residual stress, induced between the S-phase layer
and the substrate, so that N diffusion may increase locally and cause the formation of a sublayer. The
double layer microstructure has also been observed on gas nitrided samples [57,94], and it has been
related to N concentration profile, characterized by a steep decrease of concentration followed by a
slow fading “tail” [94]. It has been hypothesized that the inner layer corresponds to this part of low
N concentration, which is supposed to be due to N not trapped by Cr [94].

A double layer microstructure has been obtained with nitrocarburizing treatments, using N- and
C-containing gas mixtures, or by alloying with C and N sequentially, both with nitriding followed
by carburizing and carburizing followed by nitriding [42,60,154]. For this treatment type, the peculiar
diffusion profiles of N and C have been explained on the basis of trap model [56,155], or on a
thermodynamic model with concentration-dependent diffusivity [56,156].

In low temperature carburized samples, only one modified layer is usually observed
[42,55,57,72,129,130,157], and, to our knowledge, evidences of an inner distinct layer have not been
reported.

4.3. Atomic Structure and Chemical Composition of the S Phase

Even if energy dispersive X-ray spectroscopy (EDS) analysis suggests that the distribution of
alloy elements in the S phase is homogeneous and it remains the same of the matrix [71,77,116], at the
atomic scale the distribution is far -from homogeneous. As recalled previously, N (or C) atoms occupy
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the octahedral interstitial sites in the fcc lattice of austenite. For an ideal solid solution, random
occupancy should occur for the interstitial sites and for the metal (Fe, Cr, Ni, Mo, Mn) at the neighboring
sites in the fcc lattice. On the contrary, experimental data suggest a different picture.

Using X-ray photoelectron spectroscopy (XPS) analysis many authors agree that the binding
energy of N1s is lower than that of free N atoms (398.5 eV) but it is higher than that in the Cr nitride
(396.7 V) [114,128,158-161]. Values of 397.25 [114], 397.0 [159], 397.1 [160] and 397.2 [128,158] eV
have been reported. The binding energies of Cr have been indicated to be that of metal Cr [114,160],
or the spectrum has been reported to have contribution by both Cr-Cr (metal) and Cr-N
[158,159,161]. On the other hand, Fe [114,159,161] and Ni [114] have binding energies characteristic
of metal state. The obtained results suggest that a preferential bonding of N to Cr atoms is established,
but the binding energy is lower than that of Cr nitrides. The tendency to form Cr-N complexes has
also been observed in N-containing stainless steel AISI 316LN, subjected to ageing at 850 °C for up to
25 h [49]. It has been hypothesized that the high lattice strains induced by N and the high negative
enthalpy of binding N with Cr may result in a high driving force for the formation of Cr—N clusters.

Using a combination of global probes (X-ray diffraction, nuclear reaction analysis (NRA), glow-
discharge optical emission spectroscopy (GDOES)) and local probes (FIM, CEMS, X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopies),
Martinavicius et al. [148] studied the morphology, phase structure and chemical state of the S phase
present at the surface of AISI 304L plasma nitrided at 400 °C for 30 h. CEMS and XANES results
suggested that the Fe environment in S phase was very similar to that of y-FesN but with a large
disorder. XANES results for Cr indicated a tendency toward a CrN-like environment, with a Cr—N
bonding. The N coordination number was 5.7, very close to the N coordination number of CrN (6),
and the interatomic distance values suggested that regions enriched in Cr formed, having a diameter
of several atomic spacings. Ni did not seem to form any direct bond with N, even if it had atomic
coordination similar to Fe. The results of spectroscopic techniques suggested that there were three
times more N atoms around Cr than around Fe, while there was almost no N around Ni. Around Ni
the lattice was depleted in N, but enriched after a distance larger than one metal-metal distance. Thus
the authors hypothesized that the nitrided S phase layer was composed of nanometric CrN
precipitates, coherent with the matrix, incorporated in a y-FesN-like matrix. The APT study of
Martinavicius et al. [149], recalled in the previous section, reported the presence of parallel Cr
enriched planes, followed by Cr-depleted ones with a ~ 4.5 nm average distance. These planes may
result from the gathering of nanometric CrN-like precipitates. In the Cr-depleted region
concentrations as low as 10 at.% were observed, while N was distributed more homogeneously,
maintaining values that were compatible with the presence of y’-FesN-like regions where Cr is low.
Regions with a fairly random Cr distribution, corresponding to the absence of precipitates, were also
observed.

Other EXAFS experiments [162] were performed on AISI 316 foils gas nitrided in order to
produce unstressed samples with a constant homogeneous N content. The obtained results pointed
out the preferential Cr-N bonding, while neither Fe nor Ni seemed to form any preferential bonding
with N. Thus the formation of short-range ordered structures of Cr and N have been hypothesized.
The N coordination number was between 3.0 and 4.9. With a concentration ratio of Cr and N close to
1:1, each Cr atom had an average of three neighboring N atoms after the loose bound N atoms were
withdrawn.

Recently, Tong et al. [163] investigated the short-range ordered structures of the Fe-Cr-N
clusters in fcc Fe and stabilization mechanisms of S phase by first principle calculation. According to
their analysis, a FesnCraIN octahedral cluster can be considered the unit of clusters. Clusters with more
Cr atoms are energetically favored, and Cr atoms tend to distribute in pairs at the opposite
octahedron vertexes. As N concentration increases, the clusters may combine into clusters with larger
scale, preferring the edge-shaped mode and the preferential locations of Cr atoms are the shared sites,
while N atoms are on the planes of different magnetic moment. According to their study, the S phase
can be described as fcc Fe dispersively embedded with short-range ordered clusters. No evidence of
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a y'-FesN-like structure of the S phase has been found. The S phase seems to be stabilized by a
chemically-driven mechanism by Cr and N atoms forming short-range ordered clusters.

The preferential bonding with Cr atoms has also been observed for C atoms in carburized
samples. The EXAFS analysis of AISI 316 foils, carburized at 420 °C for 16.25 h, carried out by
Oddershede et al. [164], pointed out that for C atoms a strong affinity with Cr occurs, so that a short-
range ordering is expected.

4.4. Crystallographic Structure of the S Phase

As reported early on by Ichii et al. [18], the X-ray diffraction pattern of the S phase shows peaks
that are asymmetrically broadened and shifted toward lower angles, in comparison with those of fcc
austenite parent phase. Moreover, if a fcc lattice is assumed for the S phase as indexing base, the
lattice parameter value, ami, calculated from the d-spacing of the (200) plane, is always greater than
that calculated from the d-spacing of the (111), (220), (311) or (222) planes [42,62,76,134,161,165-167].
Some authors have also suggested that lattice parameters ai11, 4220 and as11, are comparable [165], but
this experimental result has not been always registered. It has been observed that in a plot of lattice
parameters am vs. the Nelson-Riley extrapolation function, cosé cotf, which usually allows a high
precision assessment of the lattice parameter [168], the data do not fall along a straight line, as it
should be for an ideal fcc structure, but they have a wider scatter (Figure 7). The trend of the scatter
is the same for samples obtained with different techniques, and it was observed for both N-
[42,62,76,134,166] and C- [42,52,157] rich S phases, even if the scatter for the C-rich S phase tends to
be smaller than that observed for the N-rich one.
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Figure 7. Plot of lattice parameters ai vs. cos® cotd for AISI 316L samples, untreated and nitrided at
430 °C, 10° Pa, 5 h (ref. [62]) and for X5CrNi189 samples, untreated and subjected to PI® nitriding and
carburizing (ref. [167]).

In order to explain the peculiar features of S phase observed by X-ray diffraction analysis many
models have been proposed. It has been hypothesized that the X-ray pattern is due to different phases
having different lattice parameters [111,169], that the austenite lattice is distorted resulting in a face-
centered tetragonal [23,170,171], or body-centered tetragonal [37] as it occurs in martensite formation.
Fewell and Priest [172], using high-order diffractometry data obtained with synchrotron radiation,
tested different lattices (mixed fcc lattice, tetragonal, monoclinic, rhombohedral and equal-sided
triclinic lattice) without obtaining satisfying results. Méandl and Rauschenbach [173], proposed that
the observed differences in am are due to the anisotropy of the elastic modulus of austenitic stainless
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steel. In fact, as recalled previously, austenite, as a fcc metal, is more rigid in the <111> direction,
while it is more elastic compliant in the <100> direction. The elastic anisotropy causes a different shift
for the differently oriented grains in presence of a compressive residual stress. However, this model
does not correctly reproduce the (222) peak shift, as observed by Sun et al. [134]. The elastic
anisotropy model, proposed by Méndl and Rauschenbach [173] is valid for a uniaxial stress applied
to a cubic single crystal along the [hki] direction, and it does not consider the compositional strain
resulting from the isotropic introduction of interstitial atoms in the lattice. Czerwiec et al. [42]
modified this model considering a planar stress state in the nitrided layer, and they took into account
anisotropic elastic and isotropic compositional strains. A stress gradient in the nitrided layer was
taken into account by Christiansen and Somers [174].

Another factor, which can cause the anomalous shift of S peaks, is the presence of stacking faults.
As recalled in Section 4.2., extended stacking faults have been observed by TEM. A model with a
faulted structure has been used by many authors and it allows a good reproducibility of experimental
data, at least up to the (222) reflection [62,134,167,175]. Using the theoretical analysis developed by
Warren [176], the shift of the peaks from their fcc position allows to calculate the lattice parameter
and the fault probability a.. Fault probability in the range 0.09-0.25 has been obtained [62,159,167,177],
which corresponds to a faulted plane every about 8 or 4 unfaulted planes, respectively. The Warren’s
theory hypothesizes a small value of a and it does not consider the finite size of crystallites or the
presence of twin faults. Velterop et al. [178] suggested that a weighted summation should be used,
but their approach cannot be straightforwardly implemented in a Rietveld fitting procedure. Brink et
al. [179] simulated the peak shift by means of Debye scattering equation, taking into account the
presence of stacking faults, and they compared the obtained results with synchrotron X-ray
diffraction data. The authors optimized the lattice parameter and intrinsic stacking fault probability
in order to match the experimental (111) and (200) peak positions of S phase, and found a good
reproducibility of the simulated peak shift for (220), (222) and (331) peaks, while a poor one for (311),
(400), (420) and, to a lesser extent, (422). It has been hypothesized that the shifts originate from the
strong elastic anisotropy of the plastically deformed S phase, since the parent austenite phase has
been reported to show hkl-dependent elasticity, which becomes non-linear in the elasto-plastic
transition [180].

Tong et al. [141], taking into account the “clustered” stacking faults observed by their TEM
analysis, simulated the X-ray diffraction pattern of a S-phase layer with similar structures, and found
that additional peaks occurred, analogous to those usually ascribed to hcp ex’ martensite.

The combined effect of stacking faults and elastic anisotropy has been proposed by some authors
[134,172,181] to explain the anomalous peak shifts. The occurrence of both these effects for the
modification of peak position in respect of that of an ideal fcc lattice is reasonable, since both elastic
anisotropy and stacking faults have been observed by other experimental techniques and they are
not a pure speculation.

Other factors may contribute to the anomalous peak shape and shift. In inhomogeneous samples,
as those usually obtained with nitriding, both the N concentration and compressive residual stress in
the nitrided layer change with depth. Taking into account the effects of gradients of composition,
stress and stacking faults as a function of depth, Christiansen et al. [181] simulated the X-ray
diffraction pattern and found that the composition profile, hypothesized to be described by Hill’s
equation, was associated with a tail that connected the S phase peak to the corresponding one of
austenite and gave it its peculiar asymmetry. Moreover, the influence of residual stress was mostly
clearly detected on the (200) peak, due to the elastic anisotropy of austenite, and the influence of a
faulting gradient was higher for the (111) peak and smaller for the (200) one.

In order to rule out the effects of different N composition and the consequent composition-
induced macrostresses, X-ray diffraction analysis on homogeneous thin foil samples consisting of S
phase of uniform composition of N [53] or C [182] has been performed. According to these results,
the N-rich S phase has a fcc lattice and the systematic peak shifts present for each sample can be
explained by the presence of stacking faults with a low probability (o =0.01 -+ 0.04 [53]), probably due
to the stress history of the samples [53]. A similar result was found for the C-rich S phase, which was
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supposed to be unfaulted [182]. The lattice parameter of the S phase increases linearly with the N
content [53] and, similarly, with the C content [182], both expressed as occupancy, yn.c, according to
the following relationships:

a=0.36395 +0.05987 yn [nm] for 0.17<yn<0.61  (14.5 <N content <38 at.%) [31,48,53]

a=0.35965 +0.06029 yc [nm] for 0<yc<0.156 (0<Ccontent<13.4 at.%) [182]

The experimental lattice parameters obtained for N- and C-rich S phases are related to different
composition ranges of interstitial atoms, but their extrapolation points out that N apparently causes
a systematically larger expansion than that of the same C content [31,48]. This difference cannot be
ascribed to the presence of stacking faults. This fact was also observed for low interstitial content,
with N atoms producing a larger lattice expansion than C atoms [183]. For a low N content (0.3-1.5
at.%) the Vegard'’s constant (i.e. the proportionality constant) for a AISI 304 lattice has been estimated
as 8.61 x 10 nm (at. %)™ [183], which corresponds to about 0.085 nm when the atom content is
expressed in occupancy, a slightly larger value than that obtained in [182] for the C-rich S phase.
Christiansen et al. [48], on the basis of their EXAFS and X-ray diffraction experiments on nitrided or
de-nitrided austenitic stainless steel flakes [162,184], hypothesized that this larger expansion has a
microstructural origin, i.e., the presence of short-range order in which N atoms are preferentially
bound to Cr atoms, so that a three-dimensional network (cage structure) in the solid state forms and
it is able to induce a dilatation of the austenite lattice and consequently enhance N solubility.

Recently Wu et al. [104], using X-ray diffraction analysis, evaluated the lattice parameter of S
phase for AISI 316L gas nitrided samples as a function of N content and they observed a discontinuity
in the lattice parameter, with a linear increase of lattice constant for low (<16 at.%) and high (>18 at.%)
N content, and an abrupt increase of 0.017 nm of the lattice parameter from 16 to 18 at.%. The presence
of a discontinuity was confirmed analyzing the change in position of (444) diffraction peak as a
function of depth using synchrotron X-ray diffraction. This abrupt change in lattice parameter has
been ascribed to the transition from paramagnetic to ferromagnetic behavior of the S phase (see
Section 5.7.). This discontinuity is similar to that observed comparing the lattice parameters of N- and
C-rich S phases of homogenous compositions [48], even if in that case only a 0.04 nm increase
occurred at 14.5 at.% N (yn=0.17), and it has been supposed that it may be related to the change in
magnetic properties [147].

4.5. Residual Stresses in S Phase Layers

As recalled in Section 4.1., due to the solubilization of interstitial atoms in the austenite lattice
beyond the solubility limit, the huge lattice expansion of austenite, modulated in the modified layers,
is accommodated by elastic and plastic strains, and it causes high residual compressive stresses at the
surface, which are compensated by tensile stresses deeper in the substrate. As pointed out by Somers
et al. [46], together with the chemical-induced strains, due to the solubilization of interstitial atoms,
the modified layers are also subjected to thermal strains, originated from a gradient in thermal
shrinking during cooling. In fact, since the magnetic properties of the modified layers change as a
function of the solubilized interstitial atoms (see. Section 5.7.), the thermal expansion coefficient also
changes and its reduction is expected to occur as a consequence of volume magnetostriction [147]. As
a consequence, in the layers where S phase is present, a complicated state of stress occurs. For fairly
low interstitial content elastic strains are expected, while for higher amounts of solubilized atoms
both elastic and plastic strains are present, and to these concentration-dependent strains thermal
strains, due to cooling, are superimposed. Thus, measurement of residual stresses and their profile
reconstruction are a very complex task.

Using X-ray microbeam diffraction and the sin?(y) method, Grigull and Parascandola [185]
evaluated these residual compressive stresses in the range —2-3 GPa, while values of -1.7 up to -3
GPa were obtained by Stinville et al. [122] using the stress differential technique.

In the recent paper of Somers et al. [46], different X-ray diffraction strategies to measure and
reconstruct residual stress profiles using the sin?(y) method were reported. With this technique, by
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repeating the measure of the lattice spacing for a family of lattice planes {hkl} for different values of
the tilt angle y at different depths, it is possible to calculate the stress-depth profile and the lattice
parameter profile. The choice of the proper {hkl} lattice planes is very important, in order to avoid
erroneous results. For example, choosing the {200} planes causes an overestimation of residual stress
value in the N-rich S phase, owing to the large peak shift and the change of elastic constants in the
deformed austenite [46]. Moreover, corrections for the presence of ghost stresses, originating from
the variation of the depth explored by the X-ray beam as the tilt angle y changes, and eventual stress
relaxation, originating from sublayer removal, must be taken into account. Residual stress and strain-
free lattice profiles have been calculated using grazing-incidence X-ray diffraction with constant
incident angle, in order to limit the ghost stress effects [186], using grazing incidence X-ray diffraction
combining various incidence angles, in order to have a constant information depth [187], removing
successive sublayers with electrochemical polishing and using a symmetric X-ray diffraction
configuration [188], and using energy dispersive synchrotron X-ray diffraction analysis with the
scattering vector method, in order to perform a nondestructive analysis [189]. In the surface layers
compressive stress values as high as 4.6 GPa (T =430 °C, t =20 h) [186], -5 GPa (T =440 °C, t=16 h)
[187] and —5.8 GPa (T =440 °C, t =14 h) [189] for nitrided AISI 316 samples, and -1.6 GPa (T =520 °C,
t=2h, 10% CO), -2.2 GPa (T =515 °C, t =2 h, 20% CO) and -2.7 GPa (T = 520 °C, t =2.5 h, 90% CO)
[188] for carburized AISI 316 samples have been obtained.

Comparison of the changes of evaluated strain-free lattice values, which are related to the N
content, and residual stresses as a function of depth suggested that the elastically accommodated
strain is related with the composition [186], so that the elastic stresses in S phase layer can be modified
by modifying the composition profile [46]. An attempt to change N profile was made by Fernandes
et al. [187] removing the N atoms present in a S-phase layer with a de-nitriding treatment in pure
hydrogen, and this caused both a substantial change of N profile, with a wide plateau corresponding
to a N content of about 15.2 at.% (yn = 0.18), and a reduction of the compressive stresses, from -5 GPa
in the nitrided condition to ~100 MPa for the de-nitrided condition. Performing a series of nitriding
and de-nitriding experiments, in order to obtain samples with a range of N content, and determining
the residual stress of the samples close to the surface allowed to obtain a relation between residual
stress and N content [46].

5. Properties of S Phase Layers

5.1. Elastic Properties and Toughness

As recalled previously, the elastic modulus of fcc austenite lattice is anisotropic, with the <111>
direction more rigid and <001> more compliant. Investigations based on nanoindentation
tomography [190] have shown that for the S phase this behavior is reversed, in comparison with that
of untreated stainless steel, with the maximum elastic modulus for <001>-oriented grains, of ~ 260
GPa at 5-um depth, and the lowest (~225 GPa at 5-um depth) for the <111>-oriented grains. As the
measure was repeated at increasing depths, the elastic modulus decreased, and when the substrate
was reached the anisotropy was reversed, with the lowest value for the <001>-oriented grains. The
observed trend suggests that the trend of elastic modulus profile is related to N concentration.

Elastic modulus, as derived from the linear portion of the stress-strain curve for AISI 316 foils
carburized in order to have a uniform C content, was observed to increase as the C content was higher
reaching 244 GPa, significantly higher than that of the untreated steel samples, in the range 140-170
GPa depending on thickness of the foils [191].

Tensile tests performed by Thaiwatthana et al. [192] on AISI 316 samples plasma nitrided (400
°C, 3 h) or carburized (460 °C, 5 h) showed that both nitriding and carburizing increase the yield
strength, in comparison with that of untreated steel. Moreover, while the elongation at rupture of the
carburized sample was comparable to that of untreated AISI 316, it was much smaller for the nitrided
samples, suggesting that toughness of nitrided samples is lower than that of carburized ones. These
results about the toughness of the modified layers are in accordance with the studies of Stinville et
al. [193], who observed a quasi-brittle mechanical behavior of the nitrided layer of AISI 316L using
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SEM in situ tensile tests, and by Michal et al. [194], who observed only a modest attenuation of
ductility but not a serious embrittlement for carburized AISI 316L samples tested with tensile tests.

5.2. Hardness

Low temperature treated austenitic stainless steels have shown a marked surface hardness
increase, which depends on the treatment conditions. As the interstitial content of the S phase
increases and the modified layers are thicker, higher surface microhardness values are detected.
Surface microhardness values as high as 1450 HKo. [38] have been detected for nitrided specimens.
However, values up to 1600 HV have also been reported [17,60,62,85], due to either the presence of
Cr nitrides or the use of small indenter load. For carburized samples, values as high as 1000 HV has
been observed [39], and, for low indenter loads, values up to about 1100 HV have been reported [60].

Microhardness profiles tend to reflect the average concentration profiles of interstitial atoms, as
depicted in Figure 8, so that high hardness values with a steep decrease towards matrix values have
been observed for nitriding [45,57,58,60,192], lower hardness values and a smoother profile have been
registered for caburizing [57,58,60,192,194], and high values with a gradual change towards matrix
values have been observed for nitrocarburized samples [57,58,60], suggesting that solid solution
strengthening due to interstitial atom solubilization has a primary role. However, other factors may
contribute to the hardness enhancement: work hardening due to the local plastic deformations
induced by the formation of S phase, residual stresses, the formation of hcp martensite-like phase
and the possible formation of nanometric-sized ordered structures [148].
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Figure 8. Microhardness profiles of AISI 321 samples plasma nitrided (380 °C, 40 h), carburized (470
°C, 20 h) and nitrocarburized (NTC hybrid process) (380 °C, 40 h). For further details, see [60].
(Reprinted from Materials Science and Engineering A, 404, Y. Sun, Hybrid plasma surface alloying of
austenitic stainless steels with nitrogen and carbon, 124-129, Copyright (2005), with permission from
Elsevier).

Tromas et al. [190] observed a grain-orientation dependence and reversion in comparison with
untreated austenitic stainless steel, not only for the elastic modulus but also for hardness. By using
nanoindentation tomography on AISI 316L nitrided samples, they reported that, at a 5-um depth, the
highest hardness values (~18 GPa) were measured for <001> grains and the lowest (~14 GPa) for the
<111> grains, while for the untreated alloy the <001> had the lowest hardness (~ 2 GPa). As increasing
depths were tested, the hardness values decreased and at the matrix the hardness anisotropy of
untreated AISI 316L was restored.

Fernandes et al. [187] performed a de-nitriding treatment in pure hydrogen of nitrided AISI 316
samples having a ~15-um thick modified layer consisting of S phase, and obtained a significant
change in N profile, with a decrease of the N content from ~28.5 to 15.2 at.% (y~ from 0.4 to about
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0.18) in the first 12 um of the nitrided layer. As a consequence, a marked decrease of elastic residual
stresses was registered, while the hardness profile was only slightly changed, suggesting that the
observed hardness was due to a combination of remaining solubilized N atoms and plastic
deformation introduced by the formation of the layer.

5.3. Tribological Properties

The formation of hardened surface layers, due to low temperature treatments, allows to increase
the poor tribological properties of austenitic stainless steels. Several studies have elucidated the wear
behavior of nitrided [17,58,195], carburized [17,58,196] and nitrocarburized [58] austenitic stainless
steels in different test configurations and in dry or lubricated conditions. Pin-on-disk tests were
carried out on AISI 316 samples, plasma nitrided at temperatures in the range 450-550 °C, by using
different stationary sliders (alumina and bearing steel balls) and loads (10-50 N) in dry conditions or
in presence of a corrosive solution (10% HCI + 5% HNOs + 85% H20) and they showed that the wear
of both the counterparts depended on the tribosystem, and that for the nitrided samples a significant
reduction of wear loss occurred, in comparison with untreated samples [195]. In dry sliding
conditions, when the bearing steel was used as counterpart, the untreated steel suffered a severe
adhesive wear, with plastic deformations in the subsurface layers. Nitrided samples were subjected
to a mild wear, due to oxidative wear, without plastic deformation in the subsurface layers, and their
wear volume was more than two orders of magnitude lower than that of the untreated alloy; the
samples nitrided at 500 °C, having a modified layer in which a moderate amount of CrN was present,
had the lowest wear volume. When an alumina ball was used as counterpart, the decrease of wear
volume for the nitrided samples was smaller than using a steel ball, and the specimens nitrided at
450 °C, having the nitrided layer consisting mainly of the S phase, had the smallest wear volume.
When wear tests were performed in presence of corrosive media, the samples nitrided at lower
temperature (450 °C) had the smallest wear volume, due to the favorable combination of high wear
and corrosion resistance. When AISI 316 samples were subjected to DC plasma nitriding or active
screen plasma nitriding and were tested in a pin-on-disc configuration with a WC/Co ball as
counterpart, comparable results were found for both the nitrided sample types, with a comparable
wear mechanism (oxidation wear and micro-abrasion) and a wear resistance more than two order of
magnitude higher than that of untreated steel [80]. The obtained results were similar to those
obtained using a bearing steel as counterpart [195]. The importance of the materials constituting the
tribosystem in influencing the wear resistance was put in light by Ceschini et al. [196], who studied
the influence of countermaterial on the sliding wear behavior of low temperature carburized AISI
316L in block-on-ring configuration. It was reported that the presence of carburized modified surface
layers allowed a significant reduction of the wear rate, while it was not able to reduce the coefficient
of friction.

The change in wear mechanism from a sever adhesive wear for untreated steels to an oxidative-
mild wear for treated steels has been assessed by many authors, and, as expected, as the hardness
and thickness of the modified surface layers increase, wear loss decreases both in dry [63,197,198]
and in wet [119,199] conditions. Wear maps for low temperature carburized AISI 316L austenitic
stainless steel against alumina in sliding conditions were obtained by O’'Donnel et al. [200] using pin-
on-disc tests, and they show that for carburized samples wear volume is reduced of about an order
of magnitude for loads up to 40 N and velocity in the range 0.1-0.6 m s, in comparison with the
untreated steel, with a transition from oxidative to mild wear.

Rolling-sliding tests (10% sliding), carried out with an Amsler wear testing machine in dry
conditions using the same sample type as counterpart, have shown that the nitrided samples had a
low wear rate as long as the modified layer was not broken, i.e., with low applied load (490 N) [201].
As the applied load increased, the nitrided layer might break, and plastic deformation phenomena
were observed in the subsurface layers; the wear rate increased, but tended to remain smaller than
that of untreated samples. These results are in accordance with the study of Sun and Bell [202], who
tested carburized samples in oil lubricated rolling-sliding conditions (10% sliding) with a load of 1000
N. Thick (40 pm) carburized layers allowed an improvement of wear resistance, while thinner layers
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had a reduced wear resistance, due to the high Hertzian stress, which had the maximum below the
modified layer, thus causing subsurface deformation and rupture of the thin and hard carburized
layer.

Studies have also been performed with the aim of comparing the wear resistance of different
low temperature treatments. According to Bell [17], when nitrided and carburized (both 415 °C, 12 h)
AISI 316 samples were tested in pin-on-disk configuration against a WC/Co ball, a larger wear
reduction was observed for the nitrided samples, in comparison with carburized ones. On the
contrary, pin-on-disk tests performed on plasma nitrided, carburized and nitrocarburized AISI 316
specimens with a WC-Co ball as a counterpart and load of 10 N hashowed a marked reduction of the
weight loss, in comparison with the untreated steel, but a better performance of nitrocarburized and
carburized samples was observed if compared to that of the nitrided samples [58]. A similar result
was obtained by Thaiwattahana et al. [192], who found a slightly lower wear volume for carburized
samples, in comparison with nitrided ones, testing them in pin-on-disc configuration, while for
abrasive resistance, assessed with ball crater test, a lower wear was observed on the harder nitrided
samples, if compared to that of carburized ones. The same behavior was also observed by Duarte et
al. [203], who found that, when tested against WC/Co ball in ball-on-disk configuration, triode plasma
nitrided (450 °C, 5 h) AISI 316L specimens had a higher wear volume than carburized (475 °C, 3 h)
samples. Even if the nitrided samples were harder than carburized ones (12.5 and 7 GPa,
respectively), the thickness of the hardened layer was smaller (~5 and 30 um, respectively), so the
better performance of carburized samples may be ascribed to the lower hardness gradient, which
allowed a better load-bearing capacity. Samples treated with carburizing (475 °C, 3 h) and then
nitriding (450 °C, 5 h) had a hardened layer ~35-pm thick, with a gradual decrease of hardness from
about 11 GPa to matrix values (3.6 GPa), and they showed the lowest wear volume. It has been
supposed that the outer harder N-rich S phase hinders plastic deformation, while the inner C-rich S
phase allows a better stress distribution and load bearing capacity. The influence of coupling load on
the wear behavior of low temperature treated samples was put in light by Blawert et al. [167]: PI?
nitrided X5CrNil89 specimens were found to have lower wear loss when tested with 5 and 10 N
loads in pin-on-disc conditions, in comparison with carburized samples, but when the load was
increased up to 20 N carburized samples had a better performance.

5.4. Fatigue Properties

The enhancement of surface hardness and the formation of high residual compressive stresses
make the low temperature treatments suitable processes to increase the fatigue resistance of austenitic
stainless steels. Thaiwatthana et al. [192] found that both low temperature plasma nitrided (400 °C,
15 h) and carburized (415 °C, 12 h) AISI 316 specimens had an improved fatigue strength and limit,
in comparison with those of the untreated alloy. Fatigue limit was improved of more than 25%. It has
been observed that the carburized samples have a higher fatigue limit than nitrided specimens, since
the nitrided layers are harder but more brittle that carburized ones. When fretting fatigue was
assessed, AISI 316 did not show any fatigue limit, while the treated samples had a fatigue limit, that
was slightly higher for nitrided specimens. As also observed by Bell [17], for low cycle fatigue (LCF)
the curve of fretting fatigue of nitrided samples was comparable to that of plain fatigue of untreated
steel, which was higher than that of fretting fatigue for the same specimen type, so that it may be
hypothesized that the fretting effect was counteracted by the harder nitrided layer. The fatigue
strength increases as the modified surface layers are thicker and harder, as observed by Hoshiyama
et al. [198], who tested active screen plasma nitrided AISI 304 samples, treated at 400 °C for different
durations (2-8 h), with bending fatigue tests. The fatigue strength tended to reach a value of 449 MPa
for treatment durations longer than 4 h, while for LCF the measured strength value increased as the
treatment duration was longer. Stinville et al. [122] investigated the LCF behavior of AISI 316L
samples, plasma nitrided at 400 °C for durations ranging from 16 min up to 160 h, by performing
cyclic deformation tests in a symmetrical uniaxial push-pull mode in plastic strain control mode; the
tests also allowed to evaluate the compressive residual stresses of the nitrided layers. A better
performance was observed for the nitrided samples, in comparison with untreated ones, but the
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number of cycle to failure was related to the treatment duration. The longest fatigue life (5.5 x 104
cycles) was observed for a 3-h duration, which corresponded to the maximum residual compressive
stress. For durations longer than about 33 h no improvement of fatigue life was observed, and this
behavior was related to the surface damage due to the nitriding treatment, which can cause spalling
of some grains and cracking. However, no relaxation of residual stress occurred all along the fatigue
life, and values ranging from -3 GPa (nitriding duration: 3 h) to -1.7 GPa (nitriding duration: > 20 h)
were registered. Rotating bending fatigue tests of carburized AISI 316L specimens [204] showed that,
at 107 cycles, fatigue strength reached 521 MPa, increasing by more than 40% compared to that of the
untreated steel (366 MPa), and that with air cooling of the carburized samples during the tests a
further enhancement of fatigue strength up to 624 MPa could be obtained. Nucleation of fatigue
cracks in the untreated specimens occurred at the surface, while for carburized samples occurred near
the boundary between the carburized layer and the substrate, regardless of the applied stress level.
With tension-compression fatigue tests [205], carried out on gas carburized (470 °C, 30 h) AISI 316L
specimens, the fatigue strength was increased up to 275 MPa for carburized specimens, a 22%
improvement in comparison with the untreated alloy, which showed an endurance limit of 225 MPa.
Crack initiation sites depended on the applied stresses. For applied stresses > 300 MPa, SEM analysis
showed that they were at the surface, as detected for untreated samples, and cracks were present
along grain boundaries and slip bands in the outer 10-um thick region of the carburized layer, while
for applied stresses lower than 300 MPa fatigue cracks initiated away from the surface at the
inclusions, which acted as stress concentrators. A relaxation of the residual stresses in the first 10 um
of the modified layer was observed, regardless of the applied stress level.

Low temperature treatments also allow to increase corrosion-fatigue resistance, due to the
improved corrosion resistance. Wang et al. [206] tested plasma based low-energy N ion implanted
(400 °C, 4 h) AISI 304L with push-pull fatigue experiments in a borate buffer solution at pH 8.4, and
they found that corrosion-fatigue strength was about 230 MPa, significantly higher than that of
untreated steel (180 MPa). Crack initiation occurred at the interface between the nitrided layer and
the matrix, instead of at the surface, as for the untreated alloy.

5.5. Corrosion Behavior

5.5.1. Corrosion Behavior in Chloride Containing Solutions

In presence of chloride-ion containing solutions austenitic stainless steels may be subjected to
localized corrosion phenomena, as pitting or crevice. N alloying is known to have a beneficial effect
when localized corrosion phenomena may occur, promoting passivity, widening the passive range,
enhancing the resistance to intergranular corrosion and improving stress corrosion cracking in some
media [3,11-13,207]. The N protection mechanism is not completely clear, and different theories have
been proposed. The main ones are the following.

e During the early stages of corrosion, N atoms are released and they may react with H* forming
ammonium ions, NH#*, that locally can increase the pH where pits or crevices are forming, thus
promoting repassivation [11,207-209]. NH4* ions may also form nitrates, which inhibit corrosion
[209], or they may react with free chlorine in chlorinated water, forming less oxidizing species
[210], or they may produce a passive ammonium sulfate layer in sulfate solution [211].

e  During passivation, at the film/substrate interface a N enrichment may occur, so that anion
attack is prevented [208,212]. An incorporation of N and NHs* ions in the passive film has been
observed [212].

e  Negatively-charged N may accumulate at the passive layer and may have a repulsive action
towards CI-, so that a faster repassivation may be promoted [213,214].

For low temperature nitrided austenitic stainless steels, it has been hypothesized that, due to the
formation of the N-rich S phase, the enhancement of corrosion resistance may be due to mechanisms
analogous to those suggested for N-containing austenitic stainless steels [47,135,215]. Zhu and Lei
[215] studied the corrosion resistance of AISI 1Cr18Ni9Ti, subjected to plasma source ion nitriding at
380 °C for 4 h, in 3% NaCl solutions with pH ranging from 0.4 to 13. By means of cyclic polarization
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tests the authors showed that the formation of S phase extends the immunity and perfect passivity
zones and reduces the imperfect passivity and pitting zones, in comparison with the untreated alloy.
For pH 0.4-3 a change from general corrosion—imperfect passivity —pitting corrosion phenomena
was observed for both untreated and nitrided samples, even if the pitting potential of the nitrided
specimens was higher than that of the untreated alloy. For pH 4-13 no pitting corrosion was detected
for nitrided samples, while for the untreated steel the typical active—passive transition occurred.
Above pH 11 both sample types were not subjected to pitting corrosion. These results suggest that
the neutralizing effect of NH4* ions in acidic pits is significant only above a certain range of pH. The
role of N in locally increasing pH was assessed by Flis-Kabulska et al. [135], who studied the
electrochemical behavior of AISI 316L plasma nitrided at 415 °C, 500 Pa for 15 h in solutions of 0.1 M
Na2504 + 0.4 M NaCl acidified down to pH 2.4. By carrying out in situ measurements, the authors
observed an increase of pH at the surface of the nitrided samples in the active potential region, and
they ascribed this alkalinization to the formation of NH4* ions. They hypothesized that the increase
of corrosion resistance is due to a more effective repassivation of incipient pits rather than a slow
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Figure 9. Corrosion behavior of AISI 316L samples untreated and plasma nitrided at 380 °C, 340 Pa,
3 h: (a) polarization curves; (b) Nyquist plots, recorded at the respective open circuit potential
(symbols: experimental data; lines: modeled data using the equivalent electrical circuit drawn in (b).
For the circuit: Rs, electrolyte resistance; Ret, charge transfer resistance, CPEa, double layer/space
charge capacitance, Ro, resistance of the oxide layer, CPEo capacitance/mass transfer processes in the
oxide layer) (solution: 5% NaCl, aerated). For further details, see [70].

When NaCl water solutions are used as probe solution, low temperature nitrided austenitic
stainless steels samples show an improved corrosion resistance, as long as significant amounts of
nitrides are not present in the nitrided layer [45,62,70,71,81,216]. The protectiveness of S-phase layer
and its ability in hindering and delaying the occurrence of corrosion phenomena increases as the N
content and the thickness of the layer increases, i.e., as the N feeding, treatment temperature and
duration are chosen in order to obtain a N-rich, nitride-free and thick modified surface layer
[38,62,68,70,71,116]. The polarization curves of modified surface layers, consisting mainly of the S
phase, usually have higher corrosion and pitting potential values and lower anodic current in the
passive branch, in comparison with those of untreated samples [60,63,70,81,118], as shown in Figure
9a. The comparison of the corrosion behavior of different austenitic stainless steels (AISI 316L, AISI
202 and Ni-free P558), subjected to plasma nitriding at 360 and 380 °C at 340 Pa for 3 h, has suggested
that the nobler corrosion potential and lower anodic passive currents are mainly influenced by
solubilized N, while for the pitting potential an important role may also be played by alloy elements
[70]. In particular, Mo, in synergy with N, tends to improve corrosion resistance further on, so that
Mo-containing austenitic stainless steels usually show an improved corrosion resistance after
nitriding [70,71,217]. The effect of alloy elements in influencing corrosion potential values has been
registered by some authors [217,218]. The ability of low temperature nitriding in repassivating, after
the occurrence of significant localized corrosion phenomena, is not obvious. When the cyclic
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potentiodynamic method has been used for measure the repassivation, or protection, potential, a
repassivating potential has not always been measured [215,219], or it has been lower than that of the
untreated alloy [219,220]. The use of galvanostatic tests has allowed to put in light that, after the
occurrence of a localized corrosion phenomena, potential values below which corrosion does not
occur are higher than corrosion potential, suggesting that repassivation phenomena may occur when
the depth of pits or crevices is not too high [70]. These different results may be ascribed to the used
test techniques, that influence the system response owing to the different damage extent [221]. The
enhancement of corrosion resistance for the nitrided samples can be also observed by using
electrochemical impedance spectroscopy (EIS) analysis. As shown in Figure 9b, nitrided samples
usually have higher impedance values and the semicircle in their Nyquist plot is wider [70,222-225],
suggesting a better resistance to general corrosion [226]. The impedance data of untreated and
nitrided austenitic stainless steels are usually modelled using a Randles circuit with only one time
constant [160,223,225,227], or with two time constants hierarchically connected or in series
[70,160,222,225,227], depending on specimen characteristics and test solution. When two time
constants are used, one is connected to the charging/discharging processes occurring at the
electrode/electrolyte interface, the other to the charge transfer and mass transport processes in the
oxide phase, but their attribution to the high or low frequency time constant is not univocal
[70,222,227].

Nitrided austenitic stainless steels also have an excellent resistance to crevice corrosion. AISI
316L samples plasma nitrided at 430 °C at 10 mbar for 5 h did not show any observable crevice
corrosion event after testing them in a 10% NaCl solution at 55 °C for 60 days, while for the untreated
samples the first corrosion attack occurred after only 3 days [216]. AISI 316 specimens, gas nitrided
at 430 °C for 20 h, after 168 h showed a significantly lower weight loss, if compared to that of
untreated steel, when they were tested in a 3 wt.% FeCls solution of pH 1 [228].

In addition to aqueous solutions of NaCl, the nitrided samples also have an improved corrosion
resistance when they are put in contact with chloride-ion saline solutions, as those used to simulate
body fluids. When a S-phase layer forms, enhanced corrosion resistance has been shown by samples
tested in Ringer’s solution [218,229], phosphate-buffered saline (PBS) solution [223,224,230] and
simulated body fluid (SBF) solution [231]. Lei and Zhu [229] tested AISI 316L and 1Cr18Ni9Ti,
untreated and plasma source ion nitrided at 380 °C for 4 h, in Ringer’s solutions at pH values in the
range 3.5-7.2 at 37 °C, and they observed that the nitrided samples did not have pitting corrosion
when the solution was at pH 7.2 and 5.5, due to the transpassivation solution of the passive films on
the surface, while for pH 3.5 a passivation—pitting corrosion transition was registered, even if the
pitting potential was higher than that of the untreated steels.

Nitrided samples also have a good corrosion resistance in HCl solutions, in comparison with the
untreated steels [81].

The marked improvement in corrosion resistance of low temperature nitrided stainless steels,
which has been shown when the samples are tested in NaCl water solutions, is reduced when
specimens are put in contact with NaCl + H2SOs solutions. Flisk-Kabulska et al. [135] registered a
more anodic dissolution for plasma nitrided samples, in comparison with untreated alloy, even if the
alkalinization due to the formation of NH4+* ions is able to hinder pitting propagation.

Low temperature carburizing has also demonstrated to be able to improve corrosion resistance
in chloride-ion containing solutions [130,218,232-234]. It was supposed by Martin et al. [235] that C
atoms, which are present in the passive film, act as mobile interstitials and enhance/maintain the
oxygen vacancy motion. A further recent hypothesis, based on the analysis with grazing incidence
X-ray photoelectron spectroscopy, suggested that the improved corrosion resistance of carburized
specimens is related to the lower thickness of the passive film at a given potential, thus reducing the
detrimental effect of thickness undulations of the oxide film, which can cause dielectric breakdown
and pitting nucleation [236].

Enhanced corrosion resistance has been observed for nitrocarburized austenitic stainless steels
[60,154,218].
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5.5.2. Corrosion behavior in chloride-free acidic solutions

As the research on N alloying, which has reported both positive [6,237] and negative [238,239]
effects on general corrosion, the studies regarding the effects of low temperature nitriding on
corrosion behavior in chloride-free acidic solutions are not univocal, since both the enhancement and
decrease of corrosion resistance have been registered. Gontijo et al. [75] observed a slightly reduced
corrosion resistance in a 0.1 M H2504 solution for nitrided samples, while Lei et al. [219] reported a
slightly higher corrosion resistance in 0.5 M H2504 when the nitrided layer consisted of S phase only,
but higher anodic currents when hcp e’ martensite was also able to form. It has been suggested that
the corrosion behavior is related to the presence of surface defects, as slip lines, microtwins and
dislocations, corresponding to high energy zones, which dissolve quickly and make repassivation
difficult [47]. Kuczynska-Wydorska and Flis [240] examined the behavior of the nitrided layer at
various depth for AISI 304L and AISI 316L samples, nitrided at 425 °C for 30 h, with tests in 0.1 M
Naz250s acidified to pH 3. At low depths, with high N concentrations, the corrosion resistance
decreased, while at deeper regions, with a N concentration below ~ 7 wt.%, the corrosion resistance
was comparable or even better than that of untreated steels. An initial acceleration of anodic oxidation
was observed, which is beneficial since it leads to the formation of corrosion products that can
precipitate and contribute to the passivation, and it was supposed to be related with nitride
precipitates and/or higher anodic reactivity of the S phase [240,241].

5.6. Electric Properties

5.6.1. Semiconducting Properties of the Passive Film

The passive films formed on stainless steels have semiconducting properties, because the oxide
layers are nonstoichiometric. The passive oxide films with a deficiency in metal ions or excess with
cation vacancies usually behave as p-type (for example, Cr20s, MoO2 and FeCr204), while a n-type
behavior (Fe20s, MoOs, a, 3 and y FeO(OH), etc.) is developed either by cation transport through
interstitial diffusion or by anion diffusion toward the metal substrate [212]. In NaCl solutions Mott-
Schottky plots usually register the presence of two different layers, an outer n-type layer composed
of iron oxide/hydroxide and an inner p-type layer rich in chromium oxide [212]. A similar two-layer
structure has been inferred by the Mott-Schottky analysis of plasma-based low-energy N ion
implanted AISI 316L in 3.5% NaCl solution, but both the donor and acceptor density values have
been found to be significantly lower than those of the untreated alloy and a decrease of flat band
potential, at which this transition occurs, has been registered [225]. Slightly lower decrease of donor
density was observed by Sun [232], who tested low temperature carburized AISI 316L. It has been
hypothesized that the lower donor density in the outer n-type iron oxide/hydroxide region decreases
the pitting nucleation ability, hindering the chloride-ion adsorption [225]. A decrease of donor and
acceptor densities and of the corresponding flat band potential has also been observed for nitrided
AISI 304L tested in borate buffer solution at pH 8.4 [242].

5.6.2. Electric Properties of the Modified Layers

Research has been carried out to study the electric behavior of the modified layers as a whole,
but univocal results have not been found. Due to their high corrosion resistance nitrided layers have
been tested for substituting graphite bipolar plates in proton exchange membrane fuel cells (PEMFC).
Stainless steels usually show poor surface conductivity and insufficient corrosion resistance in the
PEMFC working conditions. Tian et al. [243] tested AISI 316L samples plasma nitrided at 370 °C and
found that the nitrided specimens had an improved corrosion resistance in PEMFC working
conditions (0.05 M H2SOs + 2 ppm HF at 70 °C) and surface conductivity. Low contact resistance,
reaching values comparable to that of graphite plates, was registered by Kaestner et al. [244] for DC
pulsed plasma nitrided AISI 304. The interfacial contact resistance, measured for active screen plasma
nitrided AISI 316 samples, also showed a significant reduction, in comparison with untreated alloy,
and it decreased as the nitriding temperature was increased from 370 to 450 °C [245]. On the contrary,
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studies performed on foils of AISI 316, carburized in order to obtain uniform C concentration, have
registered a decrease of electrical conductivity, if compared to that of untreated stainless steel [191].
Taking into account Hall-effect measurements, it has been hypothesized that this reduced
conductivity has to be ascribed not to a reduced electron mobility, but to a reduction of conduction
electron concentration.

5.7. Magnetic properties

It has been predicted that fcc y-Fe can have a paramagnetic (nonmagnetic), ferromagnetic or
antiferromagnetic behavior, depending on the separation of the Fe atoms [246,247]. Austenitic
stainless steels have a paramagnetic behavior at room temperature and become antiferromagnetic at
low temperatures [248], while the nitride y’-FesN is reported to be ferromagnetic [249]. The first
information about the magnetic properties of the modified layers obtained by low temperature
nitriding was reported by Ichii et al. [18], who observed that the layer was ferromagnetic, even if no
more experimental details were given. Williamson et al. [36] analyzed N-implanted AISI 304 stainless
steel with CEMS and observed a change in the magnetic nature of the S phase as the N content and
lattice parameter increased, with a transition from a predominant paramagnetic phase, when the S
phase had a low N content, to a ferromagnetic behavior, when the S phase had a N content of about
20 at.%. The magnetic resonance was broad and was fitted with a distribution of magnetic hyperfine
fields with an average value of ~ 16 T, significantly larger than the internal field of austenitic stainless
steels at low temperatures, typically of the order of 2 T [248]. The CEMS analysis of AISI 304L nitrided
at 400 °C, performed by Martinavicius et al. [148], registered, for the S phase, a magnetic hyperfine
split pattern, which had the isomer shift and the range of hyperfine field distribution similar to those
of y'-FesN. The use of magnetic force microscopy (MFM) has allowed to obtain more information
about the magnetic characteristics of the S phase. Several authors [89,165,166,250—-252] have observed
that the modified layer obtained with low temperature nitriding consists of two sub-layers, an outer
ferromagnetic layer, with a magnetic domains structure, and an inner paramagnetic layer,
characterized by a flat, non-magnetic signal, as depicted in Figure 10. By comparing the N
composition profile obtained with second neutral mass spectroscopy (SNMS) with the MFM image
for ion nitrided AISI 316 specimens, Basso et al. [250] found that the transition from a paramagnetic
to ferromagnetic behavior occurs when the solubilized N content is about 14 at.%. These authors
hypothesized that the most important effect that governs the ferromagnetism of S phase above 14
at.% is related to N—Cr preferential bonding and the consequent removal of Cr 3d electrons from the
metal alloy valence band. Wu et al. [166], comparing the MFM image of gas nitrided AISI 316L
samples with the N profile obtained with Auger electron spectroscopy (AES), also found 14 at.% as
the threshold content for the paramagnetic—ferromagnetic transition, corresponding to a lattice
increase of about 5%, consistent with the theoretical predictions [247]. This magnetic transition has
been supposed to be related to the discontinuity of lattice parameters values of S phase observed for
gas nitrided AISI 316L samples [104].
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Figure 10. 3-D MFM image of an AISI 316 ion beam nitrided (380 °C, 2 h) sample. The peaks in the
outer layer represent the magnetic domains of the ferromagnetic phase. For further details, see [250].
(Reprinted from Journal of Applied Physics 105 (2009), R.L.O. Basso, V.L. Pimentel, S. Weber, G.
Marcos, G, T Czerwiec, I.J.R. Baumvol, C.A. Figueroa, Magnetic and structural properties of ion
nitrided stainless steel, 124914, with the permission of AIP Publishing).

In order to elucidate the influence of N content and lattice expansion on the magnetic properties
of S phase, Brink et al. [147] analyzed homogeneous samples of the S phase, prepared nitriding thin
foils of AISI 316, with magnetometry and Mossbauer spectroscopy. The magnetometry results
pointed out that S phase is paramagnetic at room temperature for low (11.5 at.%, yn=0.13) and high
(35.5 at.%, yn = 0.55) N contents, and no distinct magnetic transition has been observed for
temperatures down to 80 K. On the contrary, samples with an intermediate N content (22.5 and 27.5
at.%, corresponding to yn=0.29 and 0.38, respectively) have a limited hysteresis, classifying them as
soft ferromagnet, with Curie temperature values of 501 K (22.5 at.%) and 520 K (27.5 at.%),
significantly lower than that of y’-FesN (767 £ 10 K [249]). The Mossbauer spectroscopy confirmed
these observations and the spectra gave additional information on the configuration of Fe atoms.
Even if samples having both low and high N content are paramagnetic, the sample with 11.5 at.%
had a coordination number for Fe of 0.53, lower than that corresponding to a random distribution of
N atoms over all the available octahedral sites (0.78), in accordance with the fact that N atoms have a
preferential bonding with Cr atoms and form short-range ordered regions. For the specimen with
35.5 at.% the calculated coordination number was 3.3, the expected value for a N content
corresponding to yn= 0.55, suggesting that for high N content the coordination number of Fe is not
affected by the Cr—N short-range ordered structures. However, the fitting of the Mossbauer spectra
suggested that there was a clear deviation from a random distribution of N atoms, and that an
ordering of N atoms in a primitive y’-FesN cubic structure in long-range ordered domains might
occur. The presence of very small peaks, characteristics of y’-FesN, was detected with a careful
inspection of X-ray diffractograms of the nitrided specimens with a 35.5 at.% N content, thus
supporting the hypothesis of the formation of ordered structures. This observation is in accordance
with the SAED patterns of nitrided samples observed with TEM, which have shown the presence of
forbidden spots ascribable to a primitive lattice [35,142]. For the samples having a ferromagnetic
behavior (22.5 and 27.5 at.%) fitting of Mdssbauer spectra suggested a less ordered structure than that
of y-FesN. Brink et al. [147] also reported that samples with a N content able to give them a
ferromagnetic behavior at room temperature (24.8 at.%, yn= 0.33) showed a change in the linear
thermal expansion coefficient from 9.66(4) x 10-¢ K1 (341-549 K) to 15.3(1) x 10-¢ K™ (572-808 K), near



Metals 2020, 10, 187 30 of 46

the Curie temperature; as a comparison, austenite with no interstitial atoms has a thermal expansion
coefficient of 18.5 x 10-¢ K- and y’-FesN of 7.6 x 10-¢ K-1 [253]. It has been hypothesized that this change
in expansion coefficient is related to variations in magnetic properties and that the fairly low
expansion coefficient for the ferromagnetic S phase is due to a spontaneous volume magnetostriction.
The magnetic effect on the lattice parameter has been supposed to be also the cause of the shift
between the lattice parameter values calculated for the N-rich S phase and those calculated for the C-
rich S phase. As reported in Section 4.4., for samples having a N content of about 14.5 at.%,
corresponding to yn= 0.17, the lattice parameter of a N-rich S phase is 1.1% larger than that of a C-
rich S phase having the same interstitial content, and it is 4.2% larger than interstitial free austenite.
These interstitial content and lattice expansion values are in good agreement with the values of Wu
at al. [166]. Due to the lower solubility of C atoms and lower lattice expansion (about 3% max. [182])
the C-rich S phase remains paramagnetic, and no ferromagnetic transition has been reported.

Thus, it has been hypothesized that S phase remains paramagnetic as long as the interstitial
content is lower than about 14 % and the lattice expansion remains lower than about 4.2-5%. Then a
transition to the ferromagnetic behavior occurs, but when N content is fairly high (at a threshold
value in the range 27.5-35.5 at.%, i.e., 0.38 <yn<0.55, according to the results of [147]) S phase becomes
again paramagnetic.

The presence of two layers having different magnetic behavior might erroneously suggest that
these layers are related to the two-layer microstructure observed with microscopy analysis (see
Section 4.2.). As a matter of fact, the comparison of atomic force microscopy (AFM) images of the
modified layers, delineated by chemical etching, and the MFM images of the same layers has shown
that the ferromagnetic layer is only a part of the outer modified layer observed with microscopy
techniques, and that paramagnetic behavior is present in both the inner part of the S-phase layer and
the layer consisting of the y(N,C) phase [165,166]. This result is in accordance with the fact that the
lattice expansion of Y(N,C) is usually very small (about 0.6% [68]), while the transition from a
paramagnetic to ferromagnetic behavior takes place for a larger expansion of the fcc lattice (about
4.2-5 % [147,166]), which occurs within the S-phase layer.

The possibility of obtaining a ferromagnetic S phase on a paramagnetic austenitic stainless
substrate was used by Ménendez et al. [254] to produce periodic arrays of ferromagnetic structures
with micrometric and submicrometric lateral sizes by means of ion beam nitriding through the use
of shadow masks.

5.8. Wetting Behavior

Wetting behavior of a solid surface depends on the chemical composition, morphology and
roughness of the surface itself [255,256]. When a drop of liquid is deposited on a real surface, the
measured apparent contact angle (CA) (i.e., the angle between gas-liquid and solid-liquid interfaces)
may increase or decrease in respect of the angle formed with a perfect flat surface depending on
surface characteristics. The possible configurations are described by two different models, proposed
by Wenzel [257] and Cassie and Baxter [258]. According to the Wenzel model, the drop has a complete
contact with the surface, permeating the protrusions, so that surface roughness amplifies the wetting
or the non-wetting behavior. According to the Cassie-Baxter model, drops, known as fakir drops, lay
on a composite surface consisting of the top of the asperities and air pockets trapped underneath the
liquid, so that the apparent CA is larger than that of a flat surface, and a hydrophilic surface (CA <
90°) may show a hydrophobic behavior (CA > 90°).

Since low temperature treatments are able to modify the surface morphology and roughness of
samples, a change of wetting behavior is expected. Few studies have evaluated the wetting properties
of low temperature treated austenitic stainless steels [78,79,117,127,128,177,223,259], and they have
mainly regarded nitriding treatments and water wetting properties. Lin et al. [128] tested the water
wettability of AISI 303 samples subjected to plasma nitriding at 450 °C, which produced modified
layers consisting of S phase. As the treatment duration was increased, the N content and surface
roughness increased, while a decrease of CA, measured with the sessile drop method, was registered,
from 103.5° (untreated; polished surface) to 61.9° (80 min nitriding). The authors related this wetting
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behavior only to N content, and supposed that the increase in hydrophilicity was due to the presence
of hydrophilic functional groups such as N-H radicals due to the plasma treatment. Buhagiar et al.
[259] investigated the water wetting behavior of plasma nitrided, carburized and nitrocarburized
AISI 316LVM and high-N ASTM F1586 steels and they observed a decrease of CA for the nitrided
and nitrocarburized samples, and an increase for the carburized specimens. A decrease of CA values
was also observed by El-Hossary et al. [78] for AISI 304L and two experimental alloys, SSMn6Ni and
SSMn10N, subjected to a RF plasma nitrocarburizing treatment which produced modified surface
layers consisting of S phase, CrN and FesC, and this behavior was ascribed to the increase of surface
roughness. Galeano-Osorio et al. [177] reported a decrease of the CA of 2.5 uL drops of deionized
water and diiodomethane on the surface of AISI 316L samples plasma nitrided at 380 and 400 °C (400
Pa, 2 h), and they hypothesized that this behavior was due to the appearance of polar groups at the
surface, such as OH, N-O/N-H, detected by XPS analysis. Water CA values similar to those
measured for untreated samples were reported for specimens nitrided at 420 °C, where the presence
of N-O/N-H bonds was smaller and OH- tended to desorb. Braz et al. [260] observed a significant
decrease of contact angle values for drops (20 ul) of deionized water on the surface of plasma nitrided
(450 °C, 100 Pa, 1 h) AISI 316L specimens (71.81°), in comparison with untreated ones (100.13°).

Borgioli et al. [117] investigated the water wetting behavior of AISI 316L and AISI 202 samples,
subjected to plasma nitriding treatments at different temperatures (380 and 400 °C) and pressures
(130 and 500 Pa), which produced different surface morphology changes and roughness increase.
When the drops of 0.5 or 3 uL were carefully deposited on the surface, a marked increase of CA
values was observed (from 78° to 94°, depending on alloy and treatment conditions), in comparison
with untreated samples (about 70°), suggesting the formation of fakir drops in a Cassie-Baxter state.
On the other hand, when the drops were pushed on the surface, CA values as low as 63°, comparable
to that reported by Lin et al. [128], were reported, so that a nearly Wenzel state may be hypothesized.
Aizawa et al. [79] also observed a hydrophobic behavior for RF plasma nitrided AISI 316. Martinesi
et al. [223] reported an increase of CA from 72.8° to 82° after plasma nitriding at 400 °C and 500 Pa,
but a decrease to 71°, when the nitrided samples were subjected to a sterilization procedure with
ethanol and incubation with 2.5 mM/mL acetic acid for 24 h, while no significant changes were
observed for untreated specimens. An increase of apparent CA values for AISI 202 samples, having
a polished or a 2D finishing, was observed after nitriding with different conditions, when 0.5 and 3
HL drops of bi-distilled water or a solution of 3.5% NaCl were used [127]. The highest CA values were
registered for samples subjected to a low pressure process, similar to cathodic sputtering performed
with a N-containing atmosphere, and CA as high as 110° was measured on samples with a 2D
finishing. In spite of the low hydrophilicity, and even hydrophobicity, shown by all the nitrided
samples types, when liquids having a low surface tension, as ethanol and rapeseed oil, were used as
probe, very low CA values were registered, suggesting an oleophilic behavior [127].

The different water wetting behavior of plasma nitrided specimens, as reported by the above
mentioned authors, with a decrease of CA, suggesting a Wenzel state or a modification of surface
chemical composition of passive layer, or an increase of CA, suggesting a Cassie-Baxter state, can be
due to different factors, which are not necessarily related to roughness or chemical modifications due
to the nitriding treatments. It is well known that austenitic stainless steels are hydrophilic, even with
a fairly large CA, but surface contamination is able to increase CA [261], while surface treatments as
plasma treatment are able to reduce it [261,262]. Moreover, the time passed after plasma treatment
for developing a stable passive layer or cleaning procedure before wetting tests may influence the
apparent CA, as well as drop size, which can produce a transition from a Cassie-Baxter state to a
Wenzel state due to hydrostatic pressure.

5.9. Biocompatibility

The improvement of corrosion resistance in chloride-ion containing solutions due to the
formation of S phase suggests that low temperature treatments are suitable for body implants, put in
contact with body fluids. One of the first papers regarding the biocompatibility of low temperature
nitrided austenitic stainless steels was that of Bordji et al. [263]. Their results were not encouraging;:
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when put in contact with plasma nitrided (400 °C, 300 Pa) AISI 316L samples, human osteoblast and
fibroblast viability significantly decreased, while for a slight N ion implanted or C-doped samples it
remained comparable with that of untreated steel. Better results were registered by Buhagiar et al.
[259] who tested plasma nitrided (430 °C, 400 Pa, 15 h), carburized (500 °C, 400 Pa, 15 h) and
nitrocarburized (430 °C, 400 Pa, 15 h) AISI 316LVM (ASTM F138) and high-N ASTM F1586 samples
putting them in contact with mouse osteoblasts. Higher cell proliferation was observed on treated
samples than on untreated ones, and a relatively high cell proliferation occurred on the
nitrocarburized specimens, suggesting that osteoblast cells prefer surfaces rich in N and C. Martinesi
et al. [264] tested in vitro the biocompatibility of plasma nitrided (430 °C, 10% and 2 x 10° Pa, 5 h) AISI
316L specimens put in contact with human umbilical vein endothelial cells (HUVEC) and human
peripheral blood mononuclear cells (PBMC), evaluating proliferation, apoptosis and some biological
markers associated with inflammation. The authors observed the same good level of
cytocompatibility for untreated and treated samples when proliferation, apoptosis and cytokine
released by HUVEC were considered, while cytokine released by PBMC and the increase in adhesion
molecules levels suggested that consequences were occurring on a metabolic point of view. Low
temperature nitriding has been reported to be a suitable treatment to act as a substrate for collagen
coating [223,224,230]. When plasma nitrided (400 °C, 500 Pa, 5 h) and collagen coated AISI 316L
samples were put in contact with HUVEC, significant higher cell proliferation was observed after 5
days for this sample type, in comparison with that registered for samples untreated and collagen
coated or subjected only to plasma nitriding treatment, and a smaller release of metalloproteinase
(MMP)-2, related to extracellular matrix degradation, was detected [223]. Biocompatibility of AISI
316L untreated and plasma nitrided (400 °C, 500 Pa, 5 h) with or without collagen coating was also
tested incubating the samples with human PBMC [230]. The results showed that proliferation,
viability and MMP-9 secretion were not negatively affected by the contact with the sample types, but
a remarkable increase of the secretion of some pro-inflammatory cytokines was registered, in
comparison with control cells. However, for the nitrided and collagen coated specimens a decrease
of the pro-inflammatory cytokine Interleukin (IL)-1p and an increase of anti-inflammatory cytokine
IL-10 were observed, if compared to untreated steel. Testing with HUVEC-PBMC co-cultures pointed
out that nitriding treatment, with or without collagen coating, can ameliorate some biological
parameters [224]. Studies on the biocompatibility of plasma nitrided (450 °C, 100 Pa, 1 h) AISI 316L
specimens, incubated with rabbit aorta endothelial cells, showed that in presence of this sample type
a higher cell viability was registered, in comparison with polished untreated steel, and late cellular
apoptosis was reduced [260].

Hemocompatibility of plasma (450 °C, 7.5 Pa, 40-80 min) nitrided AISI 303 steel was assessed by
Lin et al. [128], and these authors found that the nitrided samples had lower platelet adhesion and
activation, if compared to untreated steel, and the clotting time for this sample type was prolonged
and increased with nitriding duration. A recent study of Galeano-Osorio et al. [177] on the
hemocompatibility and thrombogenicity of plasma nitrided (380-420 °C, 400 Pa, 2 h) AISI 316L
samples put in light that the behavior of the nitrided samples depends on treatment temperature:
lower amount and less activation of platelets were registered on samples nitrided at 380 °C, while the
highest one for samples treated at 420 °C. This result was correlated with the hydrophobicity and
roughness of the nitrided layers, which were higher as the treatment temperature increased.

6. Conclusions

The studies on the S phase are showing that this metastable phase is more complex than a
supersaturated solid solution of interstitial atoms in the expanded and distorted austenite lattice, as
it is usually described. The preferential bond of interstitial atoms (N and C) with Cr produces short-
range ordered structures, which can form nanometric precipitates coherent with the interstitial-rich
fcc matrix. For a high N content, the presence of long-range ordered structures, similar to Fe nitride
y-FesN, has been inferred, probably forming domain structures. Together with these structures
having a chemical origin, stress-related structures may also form, as “clustered” stacking faults,
which locally cause a hcp lattice arrangement analogous to that of hcp ¢ martensite. N content is able
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to cause the change from a paramagnetic behavior, typical of austenitic stainless steels at room
temperature, to a ferromagnetic behavior.

The characteristics of the S phase are dependent on the interstitial atom type supplied by low
temperature treatment, i.e., N and C, as briefly summarized in Table 1.

Table 1. Main characteristics on N-rich and C-rich S phase.

Properties N-rich S phase C-rich S phase
Formation temperature (°C) 300-450 300-550
Max. interstitial content (at.%) 38 19
Max. surface hardness 1450 1000
Hardness profile abrupt change gradual
change
Toughness poor good
Load bearing capacity low high
Dry sliding wear resistance very good good
Localized corrosion resistance very good good
paramagnetic (N < 14 at.%; N =35.5
Magnetic properties at.%?) paramagnetic

ferromagnetic (N > 14 at.%)
Threshold temperature for

decomposition (°C) 300 350

1 Homogeneous N-rich S phase samples [147].

For the applications and in-service behavior of low temperature treated austenitic stainless steels
it has to be reminded that the S phase, as a metastable phase, tends to transform when it is exposed
to fairly high temperatures. The threshold temperature, at which the decomposition begins after
thousands of hours, depends on interstitial atom type, and the C-rich S phase has a higher threshold
temperature than the N-rich phase. Extrapolations of experimental data suggest that an upper service
temperature of about 200 °C is required to have a long term stability (>10 years) of S-phase layers.

Thus, as point out by all the research carried out since 1980s, the S phase is a valuable mean for
improving the hardness, fatigue resistance, tribological properties and corrosion resistance of
austenitic stainless steels. Moreover, owing to its magnetic and electric properties, wetting behavior
and biocompatibility the use of surface treated austenitic stainless steels can be extended further on.
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