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ABSTRACT

Thermochemical treatments performed at low temperatures (< ~500°C) have received increasing interest for the surface
modification of austenitic stainless steels. In fact, when treatment media rich in nitrogen and/or carbon are used at these
temperatures, the formation of chromium compounds is inhibited and the interstitial atoms are retained in the face-centered
cubic lattice of austenite beyond the solubility limit. The obtained supersaturated solid solution, known as expanded austenite
or S-phase, has high hardness and can maintain or even increase the corrosion resistance in many environments. In the in-
ternational literature, many studies are present that highlight the effects of the formation of this phase on tribological prop-
erties, fatigue resistance, corrosion behavior, wettability, biocompatibility, and magnetic properties of austenitic stainless steels.
However, using analogous treatment conditions, expanded austenite can be obtained in many other alloys having a matrix with
a face-centered cubic lattice, such as austenitic steels, nickel and cobalt alloys, and the more recent medium- and high-entropy
alloys, but the studies on this topic are mostly at their very beginning. In this review, the characteristics and properties of
expanded austenite and of the modified surface layers in which it is present are analyzed and discussed, considering all the
different alloys in which this supersaturated phase can be produced. The role of alloy elements in promoting or hindering the
formation of expanded austenite and the competing compound precipitates is taken into account. The opportunities and
challenges of the low-temperature treatments are highlighted, and possible future directions for the investigation are suggested.

1 | Introduction bulk alloy [1-3]. The surface modification can be obtained using

different strategies. More or less thick coatings can be deposited

Surface engineering has become an important step in the indus-
trial manufacturing of metal alloys. By modifying the topmost
part of the material, it is possible to improve the surface hardness,
tribological properties, corrosion resistance, biocompatibility, or
simply change the esthetic appearance of a component, while
maintaining the mechanical and physical characteristics of the

by means of processes such as plating, chemical vapor deposition
(CVD), physical vapor deposition (PVD), or plasma spray [1, 2].
Another approach consists in modifying the outer part of the
material by means of the diffusion of interstitial atoms or metal
atoms using thermochemical treatments, such as nitriding,
carburizing, boriding or aluminizing [1, 3].
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The surface alloying with nitrogen (N) and/or carbon (C) is a
well-consolidated practice for the surface hardening of steels.
On low-alloy steels and tool steels, nitriding treatments
(T = 500-580°C) produce an outer nitride layer, known as
compound layer or white layer, and an inner diffusion layer, in
which nitride precipitates are dispersed in a solid solution of N
in the ferrite matrix [3, 4]. Using carburizing (T = 850-950°C),
the C enrichment in the austenite field and the subsequent
quenching and tempering produce a modified layer consisting of
tempered martensite with dispersed carbide precipitates and
eventual retained austenite [3, 5]. However, the compounds
(nitrides/carbides) formed in conventional treatments may have
adverse effects on the performance of some alloy grades. As an
example, in stainless steels these treatments cause the precipi-
tation of chromium (Cr) compounds, so that the Cr-depleted
matrix cannot form a protective passive film and hence the
corrosion resistance is worsened [6]. For stainless steels more
suitable surface treatments are the so-called low-temperature
thermochemical treatments [7]. By using treatment tempera-
tures usually in the range 300-500°C, N and C atoms can diffuse
freely in the lattice, although the diffusion of substitutional
atoms (e.g., Cr) is significantly slowed down. Consequently, the
formation of Cr compounds is inhibited and corrosion resis-
tance can be preserved. In these para-equilibrium conditions
[8], interstitial atoms are retained in the metal lattice and a
supersaturated solid solution forms, which may have an inter-
stitial content up to several hundred times higher than equi-
librium solubility [9]. These so-called “expanded” phases can be
obtained in all the iron (Fe)-based lattice structures, that is, face-
centered cubic (fcc) austenite, body-centered cubic (bcc) ferrite
and body-centered tetragonal (bct) martensite, and hence in all
the stainless steel grades, and they allow for a significant
improvement in surface hardness [9, 10].

Most of the studies on low-temperature thermochemical treat-
ments concern austenitic stainless steels and expanded
austenite, due to the interesting characteristics of the modified
surface layers [11]. Thanks to the increase in surface hardness,
tribological properties are improved [11, 12], as well as the
resistance to fatigue phenomena [11, 13] and corrosion-related
mechanical failures [11, 12, 14]. Thanks to the fact that Cr is
retained in solid solution, the corrosion resistance in many
environments can be preserved or even increased, as in chloride
(CI7)-containing solutions [9, 11, 15-17]. The biocompatibility
is usually maintained [11, 18, 19], so that the surface treated
alloys can be considered for biomedical applications. Moreover,
the formation of a supersaturated phase affects wettability [11,
20-22], and electric [11, 17] and magnetic [11, 23, 24]
properties.

However, the formation of expanded austenite is not a pecu-
liarity of low-temperature treated austenitic stainless steels, but
it can also be obtained in other fcc alloys, as nickel (Ni) [25-27]
and cobalt (Co) [25, 28, 29] alloys, and fcc medium- and high-
entropy alloys [30, 31]. Although the studies on low-
temperature treatments of austenitic stainless steels have
flourished, it has not been the same for the other alloy types,
and the full potential of this surface modification strategy has to
be explored. Compared to other surface engineering processes,

low-temperature thermochemical treatments give many ad-
vantages. The produced expanded phases are a modification of
the parent matrix, and hence they are not subjected to detach-
ment as coatings having insufficient adhesion. Compared to
processes which modify only the passive film leaving the un-
derlying metal unchanged, the obtained hardened surface layers
allow for a significant enhancement in the resistance to wear
and fatigue phenomena. Thanks to the low treatment temper-
atures, the risk of distortion of the components is reduced and
the energy consumption of the process is decreased. The treat-
ments can be carried out using gaseous [32, 33], plasma [34, 35],
and salt bath [36, 37] processes or even using a solid precursor
[38]. The control of interstitial atom feeding is simpler in the
gaseous processes, even if the removal of the passive layer of the
alloy for having a homogeneous treatment may require a pre-
treatment of the component [32]. Plasma-based treatments
can easily remove the passive layer, can be faster and more
efficient than gaseous processes, and they have a reduced
environmental impact [34]. Till date, gaseous, plasma, and salt
bath low-temperature thermochemical treatments are
commercially available [39, 40].

Despite the opportunities that are offered by low-temperature
treatments for the surface modification of fcc alloys, the
research has been mainly focused on austenitic stainless steels,
as well as the reviews on this topic reported in international
journals [11, 15, 25, 41-46] or as book chapters [7, 32, 34, 39, 40,
47-49]. In the reviews, the description of the modified layers has
become more and more accurate as the research has progressed
and the characteristics of the expanded austenite have been
explored (7, 11, 25, 39-43, 45, 47, 48]. Different analysis tech-
niques should be used for having a picture as complete as
possible [45]. The surface engineering processes, which are
suitable for low-temperature treatments, have been reviewed [7,
25, 32, 34, 40-43, 46-48], and the conditions for obtaining
modified surface layers without Cr compounds have been
indicated [7, 11, 25, 32, 39-41, 45-48], especially for AISI 300
series stainless steels, which are the focus of most of the studies
and the reviews. Industrial applications have also been reported
[25, 39-41]. The thermodynamics of the expanded austenite and
the peculiar diffusion kinetics of interstitial atoms in the
modified layer have been overviewed [7, 11, 25, 39, 44, 45], due
to their scientific and technological importance, as well as the
thermal stability of expanded austenite and its decomposition
[7, 11, 25, 34, 39, 42]. The hardening effects and the hardness
profiles are very important for technological applications, and
they are relevant topics in all the reviews [11, 25, 32, 34, 39-42,
44-47], as well as the effects on the performance properties
when wear and fatigue phenomena are a major concern [11, 25,
34, 40, 42, 47]. The relationship among the concentration of
interstitial atoms, residual stress, and hardness profile has also
been discussed [11, 25, 32, 39, 40, 44, 48], in view of the possi-
bility of tailoring hardness profiles for specific applications.
Another aspect of paramount importance regards corrosion
behavior, which has been discussed in general reviews [11, 25,
34, 39-42] and dedicated overviews [15, 49]. Few reviews also
consider the other properties which can be affected by low-
temperature treatments, such as wetting behavior, biocompati-
bility, magnetic, and electric properties [11, 25].
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Compared to austenitic stainless steels, less attention has been
paid to the low-temperature treatments of other fcc alloys. The
possibility of producing expanded austenite on Ni and Co al-
loys was briefly overviewed by Bell [41], and then more in
depth by Dong [25] in 2010. Nitriding treatments were dis-
cussed for Ni alloys (in particular, Ni-Cr alloys), and carbu-
rizing treatments for Co-Cr alloys, highlighting the effects on
hardness, wear, and corrosion resistance. In 2024, Calabokis
et al. [27] reviewed the nitriding treatments of Ni-based
Inconel 718, discussing hardness, wear, and corrosion proper-
ties. For medium- and high-entropy alloys, the studies on these
treatments are at the very beginning, and Meijun et al. [50]
only reported brief references to them when reviewing the
treatments for improving friction and wear properties. As a
matter of fact, a recent comprehensive review, which takes into
account the studies on the low-temperature treatments of
different types of fcc alloys is lacking.

The aim of the present review is to critically analyze and discuss
the main studies regarding the low-temperature thermochemical
treatments of fcc alloys, offering a picture as complete as possible.
The characteristics of expanded austenite and the modified layers
in which it forms are considered, and the effects of the treatments
on different properties (hardness, tribological properties, corro-
sion behavior, wettability, biocompatibility, magnetic properties)
are discussed. The influence of chemical composition of the alloys
is analyzed taking into account different Fe, Ni and Co fcc alloys,
and entropy alloys. Although austenitic stainless steels have
already been extensively covered in many reviews, they are also
overviewed here for facilitating the comparison with the other
alloys and allowing a thorough discussion. The opportunities and

challenges of these treatments are highlighted, and possible
future directions for the investigation are suggested.

2 | Characteristics of Expanded Austenite

N and/or C surface alloying performed at low temperatures pro-
duces a supersaturated solid solution in fcc-based alloys. In
austenitic stainless steels this phase is indicated as expanded
austenite [33], or S-phase [41, 51], although in Ni alloys it is
indicated as M phase [52]. For Fe, Ni, and Co alloys, the terms yy
(N-rich) and yc (C-rich) are often used, and they are employed
hereafter together with the popular “expanded austenite.”

In the fcc lattice, interstitial atoms are usually accommodated in
the larger octahedral sites (Figure 1a). As reported in Table 1,
the maximum content of N and C in expanded austenite is well
beyond the maximum solubility in fcc Fe, Ni, and Co in equi-
librium conditions. The N content can also be larger than that
detected in stable and metastable nitrides, usually having an fcc
or hexagonal close-packed (hcp) lattice of metal atoms. It has to
be noted that the fcc arrangement of metal atoms is maintained
in the MyN-type nitride, that is, the stable y’-Fe,N and the
metastable NiyN (I-type) and Co4N, in which the octahedral site
at center of the lattice is occupied by a N atom (Figure 1b), and
in the MN (M = metal atom) nitride, that is, the metastable FeN
[69], NiN [70], CoN [71], the stable CrN [72], and the MN
nitride formed in high-entropy alloys [73].

The solubilization of interstitial atoms beyond solubility limit,
indicated as “colossal” supersaturation [8], causes an expansion
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FIGURE 1 | Sketch of the fcc lattice (gray spheres) with the octahedral interstitial sites (blue spheres) (a), and of the M N-type nitride (M: gray
spheres; N: blue sphere) (b); plot of lattice parameters ayy; versus cos® cotd for AISI 316L untreated and plasma nitrided (data from ref. [53]) (c);
qualitative trends of N and C concentration profiles in nitrided (d), carburized (e) and nitrocarburized (f) austenitic stainless steels.
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TABLE1 | N and C content in expanded austenite obtained in different fcc alloys and in stable/metastable phases. Regarding the space group, the

lattice type of metal atoms is indicated in parentheses.

Phase Space group N (at.%) C (at.%) Reference
Expanded austenite (ASS) (max.) Fm3m (fcc) 38 19 N: [54]; C: [55]
Expanded austenite (Ni alloys) (max.) Fm3m (fcc) 31 18 N: [26, 56]; C: [57]
Expanded austenite (Co alloys) (max.) Fm3m (fcc) 38 25 N: [58]; C: [59]
Expanded austenite (entropy alloys) (max.) Fm3m (fcc) 43 13 N: [60]; C: [61]
y-Fe (max.) Fm3m (fcc) 10.3 9.23 N: [62]; C: [63]
y-FeuN Pm3m (fcc) 19.3-20 — N: [62]
e-Fe, 3N P6522 (hcp) 15-33 — N: [62]
Ni (max.) Fm3m (fcc) ~1 2.7 N: [64]; C: [65]
Niy,N Pm3m (1) (fcc) 20 — N: [64]
I4/mmm (11) (fct)
Ni;N P6522 (hcp) 25 — N: [64]
e-Co (max.) P6;/mmc (hcp) 0 0 N: [66]; C: [67]
a-Co (max.) Fm3m (fcc) 5 4.1 N: [68]; C: [67]
CosN Pm3m (fcc) 20 — N: [66]
CosN P6522 (hep) 25 — N: [66]

Abbreviation: ASS, austenitic stainless steels.

of the fcc lattice. This expansion can be particularly large in N-
rich expanded austenite, thanks to the larger effective atomic
radius and the possible higher concentration of N atoms than
those of C. In the fcc lattice, N can reach up to a 0.61 occupancy
of octahedral interstitial sites (i.e., the number of interstitial
atoms per metal atom in a fcc lattice) in austenitic stainless
steels [74]. It is unclear whether, with a further content in-
crease, all the N atoms are hosted in the octahedral sites, leading
to a tendency toward the ordered structure of NaCl-type nitride
y»-FeN, or if they also tend to occupy the tetrahedral sites,
typical of the ZnS-type nitride y”-FeN [10, 69].

The presence of expanded austenite can be easily inferred with
x-ray diffraction (XRD) analysis. The peaks of this phase are
shifted toward lower angles, if compared to those of the fcc
lattice of the parent phase. This shifting was the reason for the
name “S-phase,” given by Ichii et al. [51] to the phase formed in
low-temperature nitrided 18-8 austenitic stainless steel.
Expanded austenite has a XRD pattern with peculiar features,
when it forms on a substrate which constrains its expansion.
The peaks are usually broadened, and, when a fcc lattice is
assumed as an indexing base, the lattice parameter calculated
from the d-spacing of the (200) plane is always larger than that
calculated from (111), (220), (311) or (222) planes [11, 25, 31, 43,
53, 75-77] (Figure 1c). This anisotropic expansion is not
observed when thin homogeneous foils of expanded austenite
are analyzed [54, 78], or thinned and unconstrained samples are
studied with transmission electron microscopy (TEM) technique
using the selected area electron diffraction (SAED) analysis [31,
75, 76]. Therefore, it can be hypothesized that the anomalous
peak-shift of expanded austenite is due more to the character-
istics of the modified layer as a whole, than to a peculiar
behavior of this phase. It has been suggested that the peak shift
is related to the anisotropy of the elastic modulus of the fcc

lattice [43], in particular when it is subjected to an elasto-plastic
transition [79], the presence of extended stacking faults [53],
and compressive residual stresses changing with depth [80]. It
has to be supposed that a combination of all these factors can
contribute to the peak shape and position.

Another peculiarity is the N and C concentration profile
observed in the expanded austenite layer. The N and C profiles
cannot usually be fitted with the complementary error function,
describing a concentration-independent diffusion. An enhanced
diffusion is registered for both N and C when low-temperature
treatments are carried out on austenitic stainless steels, and it
has been supposed that this behavior depends on interstitials
concentration [81, 82], the occurrence of residual stresses in the
forming modified layer [81-83], and the “trapping effect,” which
is exerted by Cr atoms especially on N atoms [82, 83]. When
nitriding is carried out, a high N concentration is detected at the
surface, then there is a steep decrease to a lower content
forming a more or less extended plateau, followed by a steep
decrease [12, 19, 26, 43, 60, 74, 77, 82] (Figure 1d). In the
carburized specimens, the high C content at the surface is fol-
lowed by a gradual decrease [8, 12, 17, 19, 43, 57, 84, 85]
(Figure 1e). When both N and C alloying is performed, in a
single nitrocarburizing treatment or in sequential nitriding/
carburizing treatments, an outer N-rich expanded austenite re-
gion and an inner C-rich expanded austenite layer form [19, 43,
86-89] (Figure 1f). As a consequence, a smoother interstitials
profile is obtained, as compared to that of nitrided speci-
mens [43].

Interstitials solubilization causes a solid-solution strengthening
effect, so that an increased yield strength is expected for
expanded austenite if compared to the matrix. However, the
lattice expansion is so huge that the related strain cannot be
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accommodated only elastically, and local plastic deformations
occur [11]. Slip bands are usually observable at the surface and
in the cross-section, and rotation and swelling of the grains are
also registered [53, 75]. Depending on the stacking fault energy
(SFE) of the alloy, extended stacking faults can also be pro-
duced, which are related to the formation of the so-called N-
induced hcp ¢'-martensite, ey’. It is not clear whether ey’ can be
considered strictly a martensite phase, which forms from yy
through an fcc-to-hcp martensitic transformation [75], or it is
simply the result of a cluster of stacking faults [90]. The
chemical-induced strains, which are ascribable to the in-
terstitials content and change with depth, and thermal strains,
due to a gradient in thermal shrinking during cooling, produce a
complicated state of stress in the modified layer, with high
compressive residual stresses (up to a few GPa) at the surface [8,
13, 44]. The residual stress as a function of depth can be
changed modifying the composition profile of solubilized
interstitial atoms [91].

Solid solution strengthening, strain hardening due to local
plastic deformations and residual compressive stresses
contribute to an enhanced hardness increase [8], which has
beneficial effects for both tribological properties and fatigue
resistance. The hardness profiles usually resemble the concen-
tration profiles of the interstitial atoms. In nitrided samples,
high hardness values are detected at the topmost region, form-
ing a more or less wide plateau, and then there is a steep
decrease to matrix values [53, 86, 91, 92]. In carburized speci-
mens, a gradual decrease in the hardness values is observed [8,
13, 84-86]. In nitrocarburized samples, high values are detected
at the surface, forming a plateau, and then there is a gradual
decrease to matrix values [86, 88, 93].

Expanded austenite can also exert a beneficial effect in corrosive
environments [9, 15, 25], as it can also be inferred by the
excellent resistance of the modified layer to chemical etching. In
Cr-containing alloys, Cr remains in solid solution in the fcc
lattice, and hence it promotes the formation of a protective
passive film. In austenitic stainless steels, it was observed that N
and/or C surface alloying causes an entrapment of the inter-
stitial atoms in the passive film [94, 95]. The presence of these
interstitials is particularly effective in Cl™-containing environ-
ments, such as NaCl solutions, sea water, biological fluids, and a
significant increase in corrosion resistance is observed. In
austenitic stainless steels, the presence of N within the passive
film tends to enhance its stability, protective effect, and the
bonding at oxide-metal interface [96]. N atoms form preferential
bonds with Cr and Fe, and therefore the active dissolution of
these metal atoms is hindered [97]. When the passive film is
broken and localized corrosion phenomena begin, N atoms are
released from the oxide layer and the underlying N-rich
expanded austenite, and they may react with H forming
NH,4*, causing a local alkalization of the acidic environment
present in pit or crevice [96-98]. The presence of C within the
passive layer and solubilized in expanded austenite may have
similar beneficial effects, even if the occurring phenomena are
not completely clear [9]. It may be hypothesized that C addition
is able to hinder passive film dissolution [99, 100], as well as
metal dissolution, thanks to fairly strong metal-C bonds [101].
Moreover, when C atoms are released, HCO;~ may form and an
increase in pH within the pit or crevice can occur, so that the

conditions for the formation of a stable passive layer can be
restored [9]. When the environment causes general corrosion,
such as in H,SO, aqueous solutions, different behaviors are
reported. The corrosion resistance of modified layers consisting
of N-rich expanded austenite can be comparable to that of the
untreated alloy only when other phases (e’ and/or nitrides) do
not form, otherwise a worsening of corrosion resistance is
observed [12, 102]. Conversely, C-rich expanded austenite tends
to reduce the susceptibility to corrosion [12, 17, 103].

As a non-equilibrium phase, expanded austenite tends to
transform when the service temperature is too high. The
transformation rate and its mechanism depend on the alloy
composition [11, 104, 105]. However, the incubation time for the
formation of compounds is usually estimated as thousands of
hours at ~300°C [104-107], and longer for lower service
temperatures.

3 | Austenitic Stainless Steels

Austenitic stainless steels are CrNi (AISI 300 series), CrMn
(AISI 200 series), and Ni-free Fe-based alloys, which maintain
the austenite fcc structure thanks to a balance between ferrite
forming elements (in particular, Cr) and austenite forming el-
ements (Ni, manganese [Mn], N, C). Their excellent corrosion
resistance in many environments, due to the formation of a self-
healing passive film, allows for their use in a wide variety of
applications, from components for the power engineering and
chemical industries to body implants, kitchenware, and furni-
ture [108]. However, their low hardness and poor tribological
properties are a limitation for extending their use further on.
Low-temperature thermochemical treatments have proven to be
the suitable processes for enhancing surface hardness while
maintaining or even improving corrosion resistance thanks to
the formation of expanded-austenite modified surface layers.
The low-temperature treatments have been applied to many
austenitic stainless steels, as reported in Table 2. The indicated
references are only a small part of the studies devoted to this
steel type. An extended analysis of the characteristics and
properties of low-temperature treated austenitic stainless steels
and references to more studies are reported in reviews on this
topic, such as [7, 9-11, 15, 25, 39-49].

The formation of N- and/or C-rich expanded austenite causes
local plastic deformations that are well observable at the surface
[10, 16, 17, 20-22, 53, 75, 109, 126] (Figure 2a), producing a
roughness increase [16, 20, 21], and in the cross-section [10, 16,
53, 75, 109, 112] (Figure 2b). The slip lines are more numerous
in Mn-rich alloys [16, 21, 75, 109] and when a high N content in
yn is attained [16, 75]. The formation of ey’ [10, 16, 20, 21, 75,
112, 126] (Figure 2c) is promoted by N and alloy elements, as
Mn, which decrease SFE [16, 20, 21, 75, 109, 112, 127].

The modified layer is continuous, fairly homogeneous, and
highly resistant to chemical etching. In the nitrided specimens,
a single layer [12, 19, 33, 75] or two-sublayers [10, 16, 21, 112,
118, 126] (Figure 2b) are observable, while only one layer is
detectable in carburized samples [12, 13, 17, 19, 33]. In nitro-
carburized alloys two sub-layers are present, an outer N-rich yy
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TABLE 2 | Austenitic stainless steel types subjected to low-temperature thermochemical treatments.
Alloy type Composition (wt.%) Treatment type References
AISI 304 C: 0.08; Cr: 18-20; Ni: 8.0-10.5 Triode-plasma nitriding (T: 450°C; t: 4, 20 h) [75]
Triode-plasma nitriding (T: 400, 450°C; t: 20 h) [109]
Plasma nitriding (T: 400°C; ¢: 8 h) [110]
Plasma nitrocarburizing (T: 375-475°C; t: 2 h) [111]
AISI 304L C: 0.03; Cr: 18-20; Ni: 8-12 Glow-discharge plasma nitriding (T: 400, 430°C; t: 5 h) [112]
Plasma source ion nitriding (T: 400°C; 4 h) [94, 96]
Hollow cathode plasma source carburizing [100]
(T: 450°C; 4 h)
Gaseous carburizing (unspecified) [17]
Plasma nitrocarburizing (T: 400°C; t: 3-10 h) [113]
AISI 316 C: 0.08; Cr: 16-18; Ni: 10-14; Mo: 2-3 Gaseous nitriding (T: 445°C; t: 22 h) [33]
Gaseous nitriding (T: 420°C; t: 13 h) [23]
Plasma nitriding (T: 450-550°C; t: 5 h) [114]
Plasma nitriding (T: 450°C; ¢: 12 h) [115]
Plasma nitriding (T: 430°C; ¢: 15 h) [116]
Gaseous carburizing (unspecified) [17]
Gaseous carburizing (T: 500, 507°C; t: 4, 6 h) [33]
Gaseous carburizing (T: 450°C; t: 20 h) [101]
Plasma carburizing (T: 450; t: 12 h) [115]
Plasma carburizing (T: 500°C; t: 15 h) [116]
Plasma nitrocarburizing (T: 450-500°C; ¢: 12 h) [115]
Plasma nitrocarburizing (T: 430°C; t: 15 h) [116]
AISI 316L C: 0.03; Cr: 16-18; Ni: 10-14; Mo: 2-3 Gaseous nitriding (T: 430, 450°C; t: 18, 20 h) [33]
Plasma assisted nitriding (T: 400°C; ¢: 15 min-8 h) [22]
Plasma assisted nitriding (T: 420°C; t: 1-4 h) [117]
Glow-discharge plasma nitriding (T: 380, 400°C; t: 5 h) [20]
Glow-discharge plasma nitriding (T: 400, 430°C; t: 5 h) [112]
Glow-discharge plasma nitriding (T: 430°C; t: 0-5 h) [118]
Glow-discharge plasma nitriding (T: 430°C; t: 5 h) [53, 119]
Glow-discharge plasma nitriding (T: 360, 380°C; 3 h) [16]
Glow-discharge plasma nitriding (T: 400°C, ¢: 5 h) [18]
Glow-discharge plasma nitriding (T: 400-500°C; t: 5 h) [120]
Plasma nitriding (T: 415°C; 15 h) [12]
Plasma nitriding (T: 380-420°C; t: 2 h) [121]
Triode plasma nitriding (T: 450°C; ¢: 5 h) [122]
Active screen plasma nitriding (T: 440°C; t: 6 h) [123]
Plasma nitriding (T: 450°C; t: 4 h) [124]
Gaseous carburizing (T: 510°C; t: 4 h) [33]
Gaseous carburizing (T: 450°C; t: Unspecified) [95]
Gaseous carburizing (unspecified) [8, 24]
Gaseous carburizing (T: 470°C; t: 30 h) [13]
Plasma carburizing (T: 470°C; t: 15 h) [12, 99, 103]
Triode plasma carburizing (T: 475°C; t: 3 h) [122]
Active screen plasma nitrocarburizing (T: 430°C; t: 4 h) [89]
(Continues)
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TABLE 2 | (Continued)

Alloy type Composition (Wt.%) Treatment type References
Active screen plasma nitrocarburizing (T: 440°C; t: 6 h) [123]
Triode plasma nitrocarburizing (combined [122]
carburizing + nitriding)
AISI 316Ti C: £0.08; Cr: 16.5-18.5; Ni: 10.5-13.5; Low energy ion implantation (LEII) nitriding [125]
Mo: 2.0-2.5; Ti: 5 x C < 0.70 (T: 350-500°C; t: 1.5-3 h)
Plasma immersion ion implantation (PIII) nitriding [105]
(T: 450, 500°C; t: 1, 1.5 h)
ASTM F138 C: £0.03; Cr: 17-19; Ni: 13-15; Mo: Plasma nitriding (T: 430°C; t: 15 h) [19, 116]
(316LVM) 2.25-3.00 Plasma carburizing (T: 500°C; t: 15 h) [19, 116]
Plasma nitrocarburizing (T: 430°C; 15 h) [19, 116]
AISI 321 C: 0.08; Cr: 17-19; Ni: 9-12; Ti: Plasma source ion nitriding (T: 380°C; 4 h) [97, 98]
5xC<070 Plasma source ion nitriding (T: 280, 380°C; t: 4, 6 h) [102]
AISI 202 C:0.065; Cr: 17; Ni: 4.1; Mn: 7.7; N: 0.15 Glow-discharge plasma nitriding (T: 400°C; t: 5 h) [20]
Glow-discharge plasma nitriding (T: 400, 430°C; t: 5 h) [112]
Glow-discharge plasma nitriding (T: 360, 380°C; 3 h) [16]
Glow-discharge plasma nitriding (T: 330, 380°C; [21]
8 min, 5 h)
ASTM F1586 C: £0.08; Cr: 19.5-22.0; Ni: 9-11; Mn: Plasma nitriding (T: 430°C; t: 15 h) [19, 116]
2.00-4.25; Mo: 2.0-3.0; N: 0.25-0.50 Plasma carburizing (T: 500°C; ¢: 15 h) [19, 116]
Plasma nitrocarburizing (T: 430°C; 15 h) [19, 116]
AISI 904L C: £0.02; Cr: 19-21; Ni: 24-26, Mo: 4-5; LEII nitriding (T: 350-500°C; t: 1.5-3 h) [125]
Cu: 1.2-2.0 PIII nitriding (T: 450°C; t: 1 h) [105]
Gaseous carburizing (unspecified) [17, 24]
Fe-19Cr-35Ni- C: 0.05; Cr: 18.5; Ni: 34.9; Si: 1.2 Triode-plasma nitriding (T: 400-450°C; t: 4, 20 h) [75]
1.251 Triode-plasma nitriding (T: 400, 450°C; ¢: 20 h) [109]
Fe-20Cr- C: 0.02; Cr: 20.41; Ni: 24.34; Mo: 6.14; Gaseous carburizing (unspecified) [24]
24Ni-6Mo N. 0.10
Fe-0.2C-17Cr-  C: 0.2; Cr: 17.7; Ni: 0.05; Mn: 10.5; Mo: Glow-discharge plasma nitriding (T: 360, 380°C; t: 3 h) [16]
11Mn- 3;N: 053 Glow-discharge plasma nitriding (T: 360-400°C; t: 1-5 h) [126]
3Mo-0.5N
Fe-17Cr- C: 0.03; Cr: 17.4; Ni: 0.8; Mn: 18.9; Triode-plasma nitriding (T: 400-450°C; t: 4, 20 h) [75]
20Mn-0.5N N: 0.5 Triode-plasma nitriding (T: 400, 450°C; ¢: 20 h) [109]

FIGURE 2 | Surface morphology (a), cross-section micrograph (b) and XRD pattern of nitrided (380°C) AISI 202 (c) (adapted from ref. [10] under

the terms of CC-BY license. Copyright 2022 by the author).

7 of 28

85U8017 SUOWILIOD BAIIEs.D 8|qe! (dde aupy Aq peusenob a1e s ie YO ‘8sN JO S8|nJ Joj AzeiqT8UlUO A1 UO (SUONIPUOD-PUR-SWBH W00 A8 1M AeIq 1 Ul |UO//SdNY) SUORIPUOD Pue SWe 1 84} 89S *[5202/60/£2] U0 ArigiauliuO 4|1 BifeBURILR0D AQ ETO0L WIBW/Z00T OT/I0P/W00"AS| 1M Aeiq 1 pul|uoy/Sdny wolj pepeojumod ‘€ ‘5202 ‘Z0rToree



layer and an inner C-rich y¢ layer [19, 89, 111]. The reason for
the formation of two apparent distinct sub-layers in nitrided
samples is not clear. In XRD patterns, two yy phases are
detected, one with higher N content and larger lattice expansion
present in the outer part, and another, with lower interstitial
content and a smaller expansion, formed in the inner part [10,
16, 21, 112, 126] (Figure 2c). Different hypotheses were sug-
gested, including the effect of N concentration profile [81], local
high residual stresses [128], and the formation of a C-rich inner
expanded austenite layer, due to C segregation [117]. As a
matter of fact, the formation of a layered structure of two yy
phases having different lattice expansions was observed in both
AISI 316Ti and AISI 904L, and it seemed to depend on treat-
ment conditions [125].

Many analyses were carried out in order to elucidate whether
the expanded austenite is indeed a supersaturated solid solution.
A preferential bonding between Cr and N atoms was registered
[129], and Cr-N regions having a short-range order (SRO) were
detected [130]. Moreover, long-range ordered (LRO) regions
having a y’-FeyN-order (yy') are observed in the topmost part of
the modified layer, where the N concentration is larger and
exceeding that typical of the y’-Fe,N nitride [127]. In the inner
part of the modified layer, this order tends to be lost, and only
SRO Cr-N regions are present in a disordered yy matrix [127].
The formation of yy', as well as of ey’, was also detected in
nitrocarburized alloys [113].

The formation of Fe-based nitrides, y’-Fe,N and e-Fe, 3N, may
be promoted by yn' and ey, and they tend to form as pre-
cipitates especially along the slip lines or at grain boundaries
[53, 112, 120, 126, 127]. The formation of Cr compounds is
usually observed when treatment temperature exceeds 450°C
for nitriding [105, 120, 131], and 550°C for carburizing [131].
However, the formation of Cr and Fe compounds depends not
only on the treatment conditions (temperature, duration,
interstitial atoms supply), but also on the steel composition [75,
112, 126]. As an example, the nitriding temperature for pro-
ducing a nitride-free yy layer tends to decrease as the Mn
content in the alloy increases and the Ni content is lower [75,
112, 126].

In the topmost part of the modified layer a maximum N con-
centration up to ~38 at.% was registered [54]. However, solu-
bilized N also depends on alloy composition. As an example,
nitriding at 400°C for 20 h produced modified layers having a N
concentration at the surface of 26.9 at.% in AISI 304 (Fe-18Cr-
8Ni), 34 at.% in Fe-17Cr-20Mn-0.5N steel and 24 at.% in Fe-
19Cr-35Ni-1.2Si [75, 109], so that a role of Mn in promoting a
supersaturated solid solution can be supposed. A maximum C
content up to 19 at.% was detected in the carburized samples
[55]. The thickness of the modified layer usually ranges from a
few microns to a few tens of microns, depending on the
treatment conditions (type, temperature, and duration) and
alloy composition. As an example, using the same treatment
conditions, thicker modified layers were observed as the Mn
content increases and Ni decreases [16], or the Ni content in-
creases [124].

The service temperature of expanded austenite is limited by its
decomposition and the formation of Cr compounds. For yy, the

incubation time for the formation of CrN is thousands of hours
at ~300-350°C [105, 106], and for y¢, the formation of carbides
requires thousands of hours at 350°C [107].

All the low-temperature treatment types allow for an enhancing
of surface hardness. The hardness profile is similar to the
interstitial atoms concentration profile (Figure 3a). In nitrided
samples, the profile maintains the step-like trend [53, 86, 112,
115, 119]. A maximum hardness value of ~14.2 GPa was
measured in nitrided AISI 316L [118], and in Fe-17Cr-20Mn-
0.5N steel, having a large amount of ey’, a value as high as
~17.7 GPa was registered [109]. In carburized specimens, values
as high as ~10.7 GPa [86] were measured at the surface, fol-
lowed by a smooth decrease [8, 86, 115]. The nitrocarburizing
treatment produces higher values at the surface than those ob-
tained with carburizing, and a more gradual decrease than that
observed in nitrided specimens [86, 115].

The enhancement in surface hardness promotes an increase in
tribological properties [8, 109] (Figure 3b) and fatigue resistance
[8], the latter even at high temperatures (300-500°C) [13]. The
adhesive wear, typical of the untreated austenitic stainless
steels, becomes an oxidative-mild wear for treated steels, and
wear resistance is enhanced as the hardness and thickness of the
modified layer increase. The high surface hardness attained in
nitrided specimens allows for reducing wear loss in different test
configurations in dry conditions [12, 109, 110, 114, 115, 122,
131]. However, the high N content and the concurrent large
residual stress together with the step-like hardness profile may
limit the load-bearing capacity of the modified layer [109, 115,
122], and a brittle behavior may occur [109]. When large
amounts of ey’ form together with yy, as in the Mn-rich Fe-
17Cr-20Mn-0.5N steel, no evident brittle behavior was
observed, suggesting a positive role of ey’ in counteracting the
embrittlement effect of N supersaturation [109] (Figure 3b).
Wear resistance in a corrosive environment depends not only on
wear conditions, but also on the environment itself, which can
restore the protective passive film or cause an active material
dissolution [12, 114]. Thanks to the smooth hardness profile,
carburized steels usually have an enhanced load-bearing ca-
pacity and wear resistance in different test configurations [8, 12,
115, 122, 132], even in corrosive-wear conditions [12]. An
improved wear resistance was usually observed for nitro-
carburized specimens, thanks to the favorable combination of
high hardness values at the surface, given by the outer yy layer,
and the smooth hardness profile, given by the inner yc layer,
which enhances the load-bearing capacity of the modified layer
[89, 115, 122].

Corrosion resistance can be preserved or even increased thanks
to the formation of expanded austenite. As summarized in refs.
[9, 15], the success or failure of the modified surface layer de-
pends on the microstructure and phase composition of the layer
itself in the specific environment. An excellent corrosion resis-
tance was observed for the modified layers consisting mainly of
¥~ in the presence of C17, such as aerated and deaerated NaCl
solutions [16, 21, 53, 109, 120, 123, 126], mixed saline solutions
such as those simulating body fluids [18, 116, 119], when pitting
[16, 109, 123, 126] or crevice [120] corrosion phenomena are
considered. Electrochemical Impedance Spectroscopy (EIS)
analysis highlights an increased polarization resistance of the
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FIGURE 3 | Microhardness profiles of nitrided (NT), carburized (CT) and nitrocarburized (NTC) CrNi austenitic stainless steel (reprinted from ref.
[86], copyright 2005, with permission from Elsevier) (a); specific sliding wear rate of untreated and nitrided (400°C) AISI 304 (304), Fe-17Cr-20Mn-
0.5N (AG17) and Fe-19Cr-35Ni-1.2Si (RA330) (dry ball-on-plate reciprocating configuration, WC-Co ball) (reprinted from ref. [109], copyright 2021,
with permission from Elsevier) (b); potentiodynamic polarization curves of untreated and nitrided (380°C) AISI 202 (solution: 3.5 wt.% NacCl)

(adapted from ref. [10] under the terms of CC-BY license. Copyright 2022 by the author) (c); potentiodynamic polarization curves of untreated
and carburized (470°C) (different depth in the modified layer) AISI 316L (solution: 1M H,SO,) (reprinted from ref. [103], copyright 2010, with

permission from Elsevier) (d).

nitrided specimens [16, 18, 21, 126]. The potentiodynamic po-
larization curves usually show higher corrosion potential and
pitting potential values and lower anodic current density in the
passive branch, if compared to those of the untreated steel [10,
16, 18, 21, 109, 112, 119, 126] (Figure 3c). The improvement in
corrosion resistance to pitting phenomena for a plasma nitrided
AISI 321 tested in a 3 wt.% NacCl solution was observed in the
pH range 4-11 [98]. However, the ability of a yy layer to
repassivate depends on the damage extent, and repassivation is
possible when the depth of the crevice or pits is not too large
[16]. The effect of alloy elements was studied, particularly tak-
ing into account the synergy between molybdenum (Mo) and N
in enhancing corrosion resistance [16, 112, 126]. The concurrent
formation of ey’ or small amounts of nitrides together with yy
does not adversely affect the corrosion resistance [16, 21, 102,
109, 112, 126], as well as a fairly rough surface (2D finishing,
Ra ~ 0.2 um) [21, 112]. On the contrary, when a large amount of
nitride precipitates forms, the corrosion resistance significantly
decreases [102, 109, 120, 126]. The beneficial effect of the yy
layer depends on its characteristics, and in particular its thick-
ness, N content and the presence of nitride precipitates.
Therefore, treatment conditions (temperature, duration, and N
supply) should be carefully chosen for obtaining a N-rich,

nitride-free and thick yy layer. Carburizing treatments allow for
an improved corrosion resistance as long as the carbon soot
formed during the treatment and the topmost layer rich in
carbide precipitates are carefully removed [99, 116], otherwise
the presence of carbides precipitates at the surface can cause a
worsening of corrosion resistance [99, 101]. An enhancement in
corrosion resistance was also registered for nitrocarburized
steels [89, 116, 123]. A slower pit formation was observed for
nitrocarburized AISI 316L specimens, if compared to nitrided
samples, suggesting a synergy of N and C atoms in hindering
corrosion phenomena [123]. When CIl -free solutions are
considered, a different picture was observed. The formation of a
heterogeneous microstructure consisting of yx with ey’ and/or
nitrides promotes corrosion phenomena in H,SO,, however for
a layer consisting of yy alone the corrosion resistance is pre-
served [102]. A good corrosion resistance was also registered for
carburized steels in which a carbide-free C-rich yc layer was
produced [17, 103] (Figure 3d).

The change in surface microstructure and roughness produced
by low-temperature thermochemical treatments also causes a
change in wettability characteristics. The wetting behavior de-
pends on the properties of the surface (topography, chemical
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composition, eventual surface contamination), as well as the
liquid type and drop size. For nitrided specimens, a moderate
hydrophilic (apparent contact angle [CA] < 90°) [19-22, 121] or
hydrophobic (CA > 90°) [20-22, 121] behavior was observed
with a decrease or increase in CA if compared to that of the
untreated alloy. These different behaviors may be ascribed to
the effect of surface roughness [20-22], and the presence of
polar groups at the surface [121]. In the presence of liquids of
low surface tension (ethanol and rapeseed oil), very low CA
values were detected, and hence an oleophilic behavior may be
supposed [21]. A decrease in CA was also observed for nitro-
carburized specimens [19], when compared to that of the un-
treated steel, while an increase was registered when carburizing
treatment was applied, with CA values almost reaching 90° [19].

The enhancement in corrosion resistance has suggested that
low-temperature thermochemical treatments can also be
applied to body implants. The biocompatibility of surface
treated steels has been assessed in vitro using different cellular
lines, such as osteoblast [19], endothelial cells [18, 119], human
blood mononuclear cells [18], cultured on nitrided [18, 19, 119],
nitrocarburized [19], and carburized [19] specimens. The pos-
sibility of using duplex treatments, such as a nitriding treatment
followed by oxidation [119] or collagen coating [18], was also
explored. Good levels of cytocompatibility were usually
observed for the surface treated specimens [18, 19, 119].
Regarding hemocompatibility and thrombogenicity properties,
lower platelet adhesion and activation were registered for
nitrided specimens when the treatment produced a smooth,
more hydrophilic surface [121].

The formation of expanded austenite also changes the magnetic
properties of the surface layers. Austenitic stainless steels have a
paramagnetic behavior at room temperature. When N is solu-
bilized, yn remains paramagnetic as long as the N content is
lower than ~14 at.%, and the lattice expansion is smaller than
4.2%-5% [133]. With higher N concentration yy becomes a soft
ferromagnet [23, 133]. It was hypothesized that this ferromag-
netism is related to Cr-N preferential bonding, which causes a
removal of Cr 3d electrons from the valence band [133]. When N
content reaches a value in the range 27.5-35.5 at.%, yn becomes
again paramagnetic [23]. It is interesting to note that for these
concentrations the presence of LRO y’-like nitride was detected
[23], but yx as a whole had not the ferromagnetic behavior
registered for y’-Fe,N. The importance of lattice expansion, and
a possible role of alloy elements, was highlighted by Schuler
et al. [24] in carburized AISI 316L, AISI 904L and Fe-20Cr-24Ni-

6Mo. Due to the larger C solubilization (18.5-19 at.%), which
produced a larger lattice expansion (3.8-3.9%) of yc, AISI 904L
and Fe-20Cr-24Ni-6Mo had ferromagnetic regions in the
modified layer, while for AISI 316L yc, which had a 13 at.%
maximum C content and a smaller lattice expansion (~2.5%),
remained paramagnetic.

4 | Austenitic Steels

Even if Cr has usually a key role in the formation of expanded
austenite, low-Cr and Cr-free austenitic steels are also able to
form this supersaturated phase. N-rich expanded austenite was
observed when low-temperature nitriding treatments were
performed on Invar Fe-Ni alloy [128, 134], high-Mn twinning-
induced plasticity (TWIP) austenitic steels [135, 136], and hot-
stamping die SDHA steel [137] (Table 3).

In austenitic steels, the formation of expanded austenite is
competitive with that of y’-Fe,N nitride, and it can be confused
with this phase in XRD diffraction patterns. Modified layers
consisting of a thin y’-nitride layer on the top of an expanded
austenite layer were observable on Invar 36 [134]. A similar
microstructure was observed on Cr-free 24Mn-2A1-0.45C TWIP
steel, but the XRD pattern ascribable to the nitride appeared
widened, suggesting a variable N content [135]. As a matter of
fact, the N profile smoothly decreased from ~40 at.%, [135], a
concentration significantly higher than that of y’-Fe,N [62],
and a similar smooth trend was observed for the microhard-
ness profile [135]. Microscopy analysis of the cross-section
showed that the modified layer has a two-layer structure,
probably due more to a C-enrichment in the inner part of the
layer than to a difference in phase composition. However, both
the layers appear as a modification of the austenite matrix
[135]. It may be hypothesized that a transition from a disor-
dered N-rich fcc lattice toward an ordered y’ lattice occurred as
the N content increased. The presence of Cr in the steel seems
to promote the formation of expanded austenite, which en-
hances surface hardness [137] and corrosion resistance in NaCl
solution [136].

5 | Ni-Based Alloy

Ni-based alloys have a very good combination of mechanical,
chemical, and physical properties, which make them suitable

TABLE 3 | Austenitic steel types subjected to low-temperature thermochemical treatments.

Alloy type Composition (wt.%) Treatment type References
Invar Ni: 34 Ton beam processing nitriding (T: 400°C; t: 15 min) [128]
Invar 36 Ni: 36 Triode plasma nitriding (T: 400-450°C; t: 4, 20 h) 134

24Mn-2A1-0.45C (TWIP) C: 0.45; Mn: 24; Al: 2

[134]
Active-screen plasma nitriding (T: 350-480°C; ¢: 10 h) [135]
[136]

25Mn-3Cr-3A1-0.3C- C:0.3; Mn: 25; Al: 3; Cr: 3; N: 0.01 Gaseous nitriding (T: 400-600°C; t: 2 h) 136
0.01N (TWIP)
SDHA steel C: 0.63; Mn: 10.25; Cr: 3.22; Mo: Plasma nitriding (T: 560°C; 4 h) [137]
1.78; V: 1.92
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for many industrial applications, especially when corrosion and/
or heat resistance is the main concern [138, 139]. Low-
temperature thermochemical treatments have been applied to
many Ni-based alloys, as summarized in Table 4. Most of the
studies are focused on nitriding of precipitation-hardenable
Inconel 718 [27], which is used in high-temperature aerospace
applications, corrosion-resistant components in oil and gas
extraction, and in nuclear engineering.

When low-temperature nitriding is performed on pure Ni, a
significant N solubilization does not usually occur and
expanded austenite is not detected [76, 128, 140]. Ni nitrides,
which might be formed at low temperatures [153-155], are
present in very low amounts [128] or they are even undetectable
[76, 140]. On the contrary, modified surface layers, consisting of
the supersaturated solid solution of N and/or C in the Ni fcc
lattice y, formerly indicated as M phase [52], can be observed in
many Ni alloys, and they are usually similar to those observed in
low-temperature treated austenitic stainless steels. However,
their characteristics, such as layer microstructure and phase
composition, thickness, and hardness, depend on both alloy
elements and treatment conditions.

After low-temperature nitriding, the typical features observed
for austenitic stainless steels are also detected for many Ni al-
loys. On the surface, the typical swelling of the grains, due to
plastic deformation, is observable [26, 76], and hence an in-
crease in the surface roughness is registered [92, 148]. The
modified layer is usually well resistant to chemical etching, and
a single layer [92, 141, 142, 144, 146, 148, 150], two sublayers
[141, 142, 144, 149], and even three distinct layers [147] were
observed, depending on the alloy type and treatment conditions.
As an example, in Ni-Ti alloys, gaseous nitriding at 400°C for
durations in the range 18-65 h produced a single yy layer on Ni-
2Ti but two sublayers with two distinct yy phases with different
lattice expansions on Ni-4Ti [142]. On the contrary, plasma
nitriding at 600°C for 3 h produced a single yy layer on Ni-7Ti
alloy [141]. Two sublayers were observed in Ni-Ti [142], Ni-Cr
[141], Ni-V [141], Nichrome [144], Inconel 625 [145], Inconel
690 [56, 147], Inconel 718 [76], while three sublayers were
detected in Inconel 690 [147]. It may be hypothesized that the
formation of sublayers, as well as of two or even three yy with
different lattice parameters, is related to the trend of N content
profile in the nitrided layer and therefore of depth-dependent
residual stresses. In fact, a high N content and compressive
stress values (up to a few GPa) are present in the regions near
the surface, while significantly lower N content and residual
stress values are registered in the bottom part of the modified
layer [56, 142].

In binary Ni alloys, nitriding is able to produce yn when selected
alloy elements are present [52, 141]. Expanded austenite is
observed when Ni is alloyed with titanium (Ti), Cr, niobium
(Nb), vanadium (V), and Mn, but not when alloying is done
with aluminum (Al), silicon (Si), zirconium (Zr), hafnium (Hf),
tantalum (Ta) and Mo [52, 141]. In Ni-copper (Cu) Monel, no
significant hardening effect due to nitriding is observed [156]. In
Ni-Fe Permalloy, very small XRD peaks of expanded austenite
were detected [128]. It has to be noted that, using the same
treatment conditions, the expansion of the Ni lattice, as
observed by using XRD, and the thickness of the nitrided layer

depend significantly on the alloy element type. As an example,
by nitriding at 450°C, the shift of expanded austenite peaks was
larger for Ni-7Ti alloy as compared to that of Ni-30Cr [141].
When nitriding was performed at 400°C, 3 h, the surface
microhardness of Ni-30Mn (~2 GPa) was slightly higher than
that of the untreated alloy, while for Ni-10Nb and Ni-30Cr was
~4.6 GPa, and for Ni-7Ti increased up to ~7.4 GPa [141]. A
similar trend was observed for the thickness of the nitrided
layer, with the Ni-30Mn alloy having the thinnest layer, while
Ni-7Ti had the thickest one. Moreover, the thickness of the
nitrided layer increased as the alloy content was higher
[141, 142].

Modified surface layers consisting of expanded austenite are
also observed on Ni-based superalloys. Depending on the alloy
elements and thermomechanical treatments, the microstructure
of these alloys may consist of either nearly 100 vol.% of fcc
phase, y, or y with intermetallic precipitates (up ~70 vol.% [26,
152]), usually obtained with an aging treatment for optimizing
mechanical properties, especially at high temperatures. Due to
the fairly high temperature of the aging treatment (620-845°C
[157]), N and/or C surface alloying must be performed as a final
step and thus, it involves not only the Ni matrix but also the
precipitates. Depending on superalloy composition and themo-
mechanical treatments, the precipitates may have different
shape, sizes (from few tens of nanometers to few micrometers),
and may be coherent, semi-coherent or not coherent with the
matrix. The main precipitate is y’-NisAl (Al partially substituted
by Ti, Nb), having an ordered fcc structure (L1,). Depending on
the y/y’ misfit, the shape of the precipitate and its coherency
with the matrix change: high misfit promotes a cubic shape and
high coherency, while a lower misfit promotes the formation of
spheroidal precipitates partially coherent with the matrix [152].
y”-NizNb (Nb, partially substituted by Ti) has an ordered body-
centered tetragonal structure (D0,,) and forms (semi-)coherent
disc-shaped precipitates. Incoherent precipitates of the stable 5-
Ni;Nb, having an ordered orthorhombic structure (DO0,), can
form from y” at temperature higher than 850°C [158]. The alloy
content is different in the matrix and precipitates. As an
example, in aged conditions, the y matrix of Inconel 718 is rich
in Cr (> 20 at.%), while the y’ and y” precipitates have a very low
Cr content (~< 3 at.%), but they have a significant amount of
other nitride forming elements (y': > 5 at.% Al and Ti; y”: > 16
at.% Nb) [158]. As observed above, Ni-Al alloys are not able to
form expanded austenite layers, although Ni-Nb and Ni-Ti al-
loys can [141], and this fact has repercussions for the N solu-
bilization in ¥’ and y” precipitates. When the alloy consists of
nearly 100% y phase, such as Haynes 230Li [26] or Inconel 690
[56], the modified surface layer is analogous to that observed in
austenitic stainless steels, with the typical step-like N profile,
having the characteristic plateau with a fairly high (~25 at.%) N
content. Similar microstructure and N profile shape are also
observed in polycrystalline alloys having a significant amount of
intermetallic precipitates, such as Inconel 718, which has y’ and
y” of few tens of nanometer (typically 25 vol.% as a whole) [26,
76], or Udimet 720Li, having a multimodal y’ distribution
(typically 40-45 vol.%) [26, 152] (Figure 4a). The comparable
maximum N contents and N profiles of Haynes 230Li, Inconel
718 and Udimet 720Li, treated with the same nitriding param-
eters (400°C, 1, 4 h), suggested that intermetallic precipitates
had a N content similar to that of the surrounding y matrix [26].
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TABLE 4 | Ni-based alloy types subjected to low-temperature thermochemical treatments.

Alloy type Composition (Wt.%) Treatment type References
Ni Ni > 99.99 Ion beam processing nitriding (7: 400°C; ¢: 15 min) [128]
Ni: 99.95 Low-energy high-flux implantation nitriding (T 450, 475°C; [140]
t:1h)
Ni > 99.2 Triode plasma nitriding (T: 450°C; t: 20 h) [76]
Ni-Ti Ti: 1, 1.5, 4, 7 Dc glow-discharge nitriding (T: 400-800°C; t: 1-9 h) [52, 141]
Ti: 2, 4 Gaseous nitriding (T: 400°C; t: Up to 70 h) [142]
Ni-Cr Cr: 5, 10, 15, 20, 30 Dc glow-discharge nitriding (T: 400-800°C; t: 1-9 h) [52, 141]
Ni-Nb Nb: 1, 4, 10 Dc glow-discharge nitriding (7: 400-800°C; t: 1-9 h) [52, 141]
Ni-V Vi, 5, 10, 15 Dc glow-discharge nitriding (T: 400-800°C; t: 1-9 h) [52, 141]
Ni-Mn Mn: 10, 30 Dc glow-discharge nitriding (T: 400-800°C; t: 1-9 h) [52, 141]
Permalloy Fe: 19.2 Ion beam processing nitriding (7: 400°C; ¢: 15 min) [128]
Nichrome Cr: 20.98; Si:1.26 LEII nitriding (T: 350-500°C; t: Up to 1.5 h) [104, 143]
Cr: 20; Si: 1.5 Low-energy high-flux implantation nitriding (T: 450, 475°C; [140]
t:1h)
Cr: 21.1; Si: 1.5; Fe: 1.5 Gaseous nitriding (T: 400, 440°C; t: 20 h) [144]
Nimonic 80, Cr: 12.1, 20; Co: 0, 16-20; Mo: 0, 6.2; Gaseous nitriding (T: 400, 440°C; t: 20 h) [144]
90, 95, 100 Al: 1.4-4.6; Ti: 1.2-3.3
Inconel 625 Cr: 25; Fe: 5; Mo: 5; (Nb + Ta): 2 Ion beam processing nitriding (7: 400°C; ¢: 15 min) [128]
Plasma nitriding (T: 420°C; ¢: 20 h) [145]
Plasma nitriding (T: 430, 500°C; t: 15 h) [146]
Inconel 690 Cr: 29.25; Fe: 10.35; Al: 0.14; Ti: 0.24 Pulsed dc discharge nitriding (7: 300-400°C; ¢t: 15 min-6 h) [147]
Pulsed dc discharge nitriding (T: 400°C; t: 0.5-36 h) [56]
Inconel 718 Cr: 18.9; Fe: 19.3; Nb: 5.4; Mo; 3.5 Al:  Triode plasma nitriding (T: 400-450°C, 700°C; t: 4, 20 h) [76]
0.6; Ti: 1.0 R.f. plasma nitriding (T: 400°C, t: 1, 4 h) [26]
Active screen plasma nitriding (T: 400°C; t: 20 h) [148]
Hot wall plasma nitriding (T: 400-500°C; ¢: 6 h) [92]
Pulsed plasma nitriding (T: 400, 450°C; t: 4 h) [149]
Salt bath nitriding (T: 425-500°C; ¢: 4-16 h) [150]
Gaseous carburizing (T: 510-570°C; t: 28 h) [151]
Gaseous carburizing (510°C; t: 28 h) [57]
Haynes 230 Cr: 26.5; Fe: 3.4; Mo: 1.3; W: 4.8; Co: R.f. plasma nitriding (T: 400°C, t: 1, 4 h) [26]
5.3; Al: 0.7; Ti: 0.1
Udimet 720Li Cr: 17.3; Mo: 1.8; W: 0.5; Co: 14.1; Al: R.f. plasma nitriding (T: 400°C, t: 1-16 h) [26, 152]
5.2; Ti: 5.9
MC2 Cr: 9.3; Mo: 1.3; W: 2.6; Co: 5.1; Al R.f. plasma nitriding (T: 400°C, t: 1-16 h) [26, 152]
11.2; Ti: 2.5; Ta: 2.0
MarM200-DS Cr: 10.2; W: 4.0; Co: 9.6; Al: 9.9; Ti: 2.4; R.f. plasma nitriding (T: 400°C, t: 4-16 h) [152]
Nb: 0.7
René N4 Cr: 10.3; Mo: 1.2; W: 1.9; Co: 8.1; Al: R.f. plasma nitriding (T: 400°C, t: 4-16 h) [152]

8.3; Ti: 5.2; Ta: 1.3; Nb: 0.3

A comparable swelling effect of the grains at the surface was
also observed, and therefore a similar elasto-plastic behavior
was hypothesized [26]. Further studies on Inconel 718 suggested
that N incorporation is reduced in y’, while y” has a N-induced
lattice expansion comparable to that of the surrounding yx [76],
but the N distribution is fairly uniform in the modified layer
[149] (Figure 4b). In monocrystalline alloys, as MC2, which has

~70 vol.% of coherent cuboidal y’ (Al: 14.8 at.%; Ti: 3.1 at.%)
precipitates (~400 nm size), the N content in the plateau is
significantly reduced (~10-12 at.%) [26, 152] (Figure 4a). It was
assessed that, using the same nitriding conditions, the thickness
of the modified layer was smaller than that obtained in super-
alloys as Haynes 230Li or Inconel 718 [26]. The analysis of N
distribution showed that N was fairly uniform in the y matrix
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and y’ precipitates only within a ~200-nm depth, while in the
inner part of the modified layer low-N y’ precipitates were
present in a channel-like yy [26, 152] (Figure 4c). A thicker
(~2 um) N-rich layer in both ¥’ and y matrix was observed in the
single crystal alloy René N4, having cuboidal y’ precipitates with
a higher Ti content (Al: 8 at.%; Ti: 6-7 at.%) [152]. An inter-
mediate behavior was observed in directionally solidified
MarM200-DS alloy, having large cuboidal coherent y’ pre-
cipitates with a lower Ti content (Al: 14.8 at.%; Ti: 3.7 at.%). In
this alloy, the precipitates were N-rich within the first 500 nm
from the surface, while in the inner part of the nitrided layer N
was present only in the surrounding y matrix [152]. It was also
observed that cracks might occur in the part of the layer where
yn and N-rich y’ were present [152]. The comparison of the
nitriding behavior of polycrystalline and single crystal alloys
suggested that the main parameter which influences y’ nitriding
is its composition, that is, the Al substitution by elements as Ti
and Nb [152]. N uptake is lower as the y’ composition is closer
to NizAl A thicker N-rich homogeneous (¥ + y) nitrided layer
is obtained as the content of Al-substitutes, such as Ti, is larger.
Moreover, taking into account that the formation of yy may
induce local plastic deformations, the propagation of dislocation
in the precipitates, which is related to their composition-
dependent shear strength, may also promote y’ nitriding. On
the contrary, size, orientation or coherency of y’ precipitates
seem not to influence their nitriding behavior. It has to be noted
that the nitriding front remains almost flat, regardless of the
alloy composition, and no lateral or backside N incorporation in
cuboidal y’ precipitates was observed. It was hypothesized that a
specific, high nitriding potential, related to a N-rich py, is
needed for allowing y’ nitriding. The main role of Al in hin-
dering the nitriding of y’ precipitates was also recently assessed
using first-principles calculations [159]. It was observed that,
even if the interaction between Al and N is stronger than that
between Ni and N, N prefers to occupy the larger octahedral
interstitial site surrounded by six Ni atoms, than the smaller one
surrounded by both Ni and Al atoms, due to the larger atomic
radius of Al than that of Ni. Moreover, the (002),,,, coherent
plane tends to act as a two-dimensional barrier, hindering the
migration of N atoms from y to y’. Further studies, based on
first-principles calculations, confirmed that the partial substi-
tution of Al with Ti promotes nitriding of y’ decreasing the
energy barrier of N penetration [160]. Nitriding is also facilitated
by doping with Ta, while tungsten (W) has a weak effect on N
penetration [160].

Nitride formation depends on both treatment parameters
(temperature, duration, N feeding), as well as alloy composition.
NiyN was detected together with yy in a Nichrome alloy, sub-
jected to Low-Energy Ion Implantation (LEII) nitriding at 350
and 375°C for 30 min [143]. When the treatment was performed
at 400°C, the XRD peaks ascribable to nitride disappeared, and
only the peaks belonging to yn and a low amount of CrN were
observable. Alloy element nitrides, such as CrN, AIN, TiN, may
form at temperatures as low as 400°C [26, 144, 149]. As treat-
ment temperature or duration increases, alloy elements nitrides,
in particular CrN, are detected [76, 92, 144-146, 150], and they
are observable as precipitates inside the expanded austenite
matrix [76, 144, 146, 150], or forming a more or less continuous
layer [76, 144]. The formation of large amounts of CrN causes

the decomposition of expanded austenite, and therefore a low-N
y is detected [76, 149, 150].

Different maximum N contents were registered in the different
alloys. A N content up to ~6.8 at.% was measured in a Ni-4Ti
alloy, nitrided at 400°C for 65 h without the formation of pre-
cipitates or clusters [142]. In nitrided (400°C, 90 min) Ni-20Cr
Nichrome, a N content of ~17 at.% was detected [143]. In su-
peralloys, such as Inconel 690, Haynes 230Li, Inconel 718,
Udimet 720Li, MC2, and René N4, the N content detected at the
nitrided (400°C) surface was ~27-31 at.% [26, 56, 152]. The
thickness of the modified layers is usually some micrometers,
and it depends on both treatment conditions and alloy element
composition. As expected, due to diffusion phenomena, the
nitrided layer becomes thicker as the treatment temperature
and/or time increase [26, 76, 92]. However, at fairly high tem-
peratures, such as 700°C [76], the thickness is usually smaller
than that produced at temperatures lower than about 450°C, due
to the formation of a large amount of alloy element (in partic-
ular, Cr) nitrides. It may be supposed that nitrides hinder the N
diffusion and solubilization in the Cr-depleted Ni-rich matrix.
Alloy element composition also influences modified layer
thickness. As an example, when Haynes 230Li, Inconel 718 and
Udimet 720Li were plasma nitrided at 400°C for 4 h, they had a
~6-pum thick nitrided layer, which was thicker than that pro-
duced on AISI 316L stainless steel (~4 um) [26]. On the contrary,
Nichrome had a thinner nitrided layer, if compared to AISI
316Ti, when LEII nitriding was performed at 400°C for
80 min [104].

The formation of a C-rich expanded austenite is also possible by
means of low-temperature treatment. The studies on this topic
are few and they are focused on Inconel 718 [57, 151]. When
carburizing was carried out in the range 510-570°C, the modi-
fied layer was homogeneous and almost featureless, and it was
unetched by chemical etchant in both the solution-annealed
[57] and aged [151] alloy conditions. A maximum C content
of ~18 at.% was registered [57, 151]. The modified layer has a
thickness of several microns, depending on previous heat
treatment and carburizing parameters. As an example, carbu-
rizing the solution-annealed alloy at 510°C for 28 h produced a
modified layer ~20-um thick [57], while using the same treat-
ment conditions the modified layer is ~12-um thick for the aged
alloy [151].

Low temperature thermochemical treatments can significantly
increase the surface hardness. The surface hardness value de-
pends on the interstitial content and thickness of the modified
layer, the formation of alloy element nitrides and/or carbides,
and the presence of intermetallic precipitates, which may also
solubilize N and/or C. As an example, when Inconel 718 was
plasma nitrided at 400°C for 20 h, the modified layer, consisting
mainly of yn with more or less N-rich Ni-Al precipitates, had a
surface hardness of ~15.3 GPa [76]. When the treatment tem-
perature was increased at 450°C and CrN nitrides precipitates
formed, a surface hardness of ~16.4 GPa was detected [76]. The
formation of a thick modified layer having a significant amount
of nitrides increased the surface hardness further on, and
values as high as ~26 GPa (600°C, 4 h) were reached [161]. The
microhardness profile is similar to the N profile, with very high
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FIGURE 4 | N concentration profiles of different nitrided (400°C) Ni alloys (reprinted from ref. [26], copyright 2013, with permission from
Elsevier) (a); cross-section microstructure and EDS maps of nitrided (400°C) Inconel 718 (reproduced from ref. [149] under the terms of CC-BY
license. Copyright 2023 by the authors) (b), and nitrided (400°C) MC2 alloy (adapted from ref. [152], copyright 2019, with permission from

Elsevier) (c).

values near the surface followed by a fairly steep decrease to
matrix values [92, 145], with a trend similar to that observed for
low-temperature nitrided austenitic stainless steels [11, 25].
Low-temperature carburizing produces hardened layers reach-
ing a surface hardness as high as ~15 GPa [57]. Hardness pro-
files are similar to the C profile, that is, a maximum hardness
value at the surface and then a smooth decrease to matrix values
[57, 151].

The effects of hardened layers on tribological properties have
been studied mainly on Inconel 718. In dry conditions, a three-
fold reduction of the wear rate was registered for yy layers tested
in pin-on-disk configuration [92]. A yy layer with a low amount
of nitrides is also able to improve scratch resistance [145, 149],
and it also decreases the volume loss in micro-abrasion wear
tests [145]. The formation of a fairly large amount of nitrides, as
observed at high temperature, can increase the wear resistance
further on [92, 161]. The role of the tribosystem as a whole was
highlighted by corrosion-wear studies, performed in recipro-
cating sliding configuration in a 0.6 M NaCl solution [148]. The
yn layer reduced the wear rate by an order of magnitude when
AISI 52100 steel balls were used as counterparts, while no sig-
nificant effect was observed using Si;N, balls, due to the
occurrence of (micro-)abrasion wear phenomena. In erosion-
corrosion tests, carried out in a 3.5 wt.% NaCl + 5 vol.%
H,SO, + 100 g/L Al,Oj3 particles, the yy layer could reduce mass
loss [150]. The highest corrosion resistance (nitriding 475°C,
4 h) was observed when CrN precipitates did not form, and the

modified layer thickness was sufficient to provide a hardened
layer, while avoiding too thick layers which cracked under very
high compressive residual stresses.

A Dbeneficial effect is exerted by expanded austenite when
corrosion resistance is taken into account. The maintenance or
even the increase in corrosion resistance in NaCl solutions is
observed for nitrided alloys when nitrided layers consist of yyn
only [92, 148], or having a small amount of compound pre-
cipitates [76]. In EIS analysis, Nyquist plots of low-temperature
nitrided samples had larger semicircles than those of the un-
treated alloys, suggesting a higher resistance to general corro-
sion phenomena [92]. In potentiodynamic tests, a shift of the
corrosion potential toward nobler values was registered for
nitrided alloys as compared to that of the untreated alloys [76,
92, 148] (Figure 5a), and higher open circuit potential (OCP)
values were detected [148]. However, a significant difference in
the pitting potential and current density in the passive branch
were not usually observed when low-temperature nitrided and
untreated samples were compared [76, 149]. The formation of a
low amount of (CrN) nitrides did not significantly impair
corrosion resistance [76, 149]. On the contrary, when a fairly
high amount of nitrides formed, using treatment temperatures
higher than about 450°C, corrosion resistance worsened [76,
92]. An increase in crevice corrosion resistance was observed
when a low amount of CrN was present together with yy
(Figure 5b), while for layers consisting of CrN + low-N y a
significant damage was registered [149]. yc improves corrosion
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FIGURE 5 | Potentiodynamic polarization curves of untreated and nitrided Inconel 718 (solution: 3.5 wt.%) (reproduced from ref. [76], copyright

2022, with permission from Elsevier) (a); surface morphology after crevice tests for untreated and nitrided (400°C) (N400) Inconel 718 (solution: 3.56
wt.% NaCl) (adapted from ref. [149] under the terms of CC-BY license. Copyright 2023 by the authors) (b).

resistance in NaCl solutions. Higher corrosion potential values
were observed for carburized (510°C, 28 h) Inconel 718 in both
solution-annealed and aged conditions when it was tested in
0.6 M NaCl solution [151]. An improvement in crevice corrosion
resistance was also registered [151].

Thermal stability of expanded austenite was assessed using both
dedicated tests or evaluating the microstructure stability during
the treatment. yy is stable at 400°C for durations up to about a
few hours, while it tends to decompose into nitrides for longer
durations [56, 104]. In the temperature range 200-300°C,
thousands of hours were hypothesized for the incubation time
of its decomposition [104]. Regarding yc, a 24-h long exposure at
350°C, simulating the core working temperature of a boiling
water reactor (BWR), did not cause significant change in the
characteristics of the surface layer [57]. On the contrary, tests
carried out at 800°C, 1 h, in air and in vacuum, for simulating
“emergency” conditions of a BWR, showed that yc suffered a
loss of C due to outward and inward C diffusion, and Cr carbide
precipitates formed. A softening of the hardened layer in a ~5-
um thick surface zone occurred. A similar behavior was
observed when carburized specimens were irradiated with
1.5 MeV protons, which caused the precipitation of nano-sized
Cr carbides [57].

Magnetic properties of N and/or C expanded austenite formed
in Ni alloys have not been explored. Ni is ferromagnetic, while
its nitrides or carbides are paramagnetic or ferromagnetic
depending on composition [162, 163]. A magnetic behavior was
observed for a N-rich Inconel 690 coating obtained with
magnetron sputtering at 400°C, which might be ascribable to
the formation of a MN-type fcc-based nitride together with a N-
containing y [56, 164].

6 | Co-Based Alloy

Co-based alloys are employed in many applications, ranging
from components for the aerospace industry to orthopedic im-
plants. The main alloy element is Cr, and the further addition of
C and other alloy elements (Mo, Ni, W, etc.) allows for obtaining
wear-resistant, heat-resistant, and/or corrosion resistant grades.
Thanks to the very good corrosion resistance and good
biocompatibility, some Co-Cr-Mo and Co-Cr-Ni grades are used

in biomedical applications. Low-temperature treatments have
been applied to Co alloys, in particular to high-C wear-resistant
grades and Co-Cr-Mo corrosion-resistant grades, as summarized
in Table 5.

Co has a hcp structure, e-Co, which becomes fcc, a-Co, at 422°C.
By adding alloy elements, the fcc structure can be retained at
low temperatures, and therefore the alloys are usually a mixture
of the two structures, with a large amount of retained fcc.
Interstitial N and C are strong stabilizers of the fcc lattice, so
that a transformation of hcp into fcc lattice may occur when N
and/or C surface alloying is carried out.

The typical features of the modified layer are observed in the
low-temperature treated specimens, as slip lines at the surface
[29, 173] and in the cross-section [28, 84, 165, 166, 171], and a
high resistance to chemical etching [84, 165, 170, 172].

The effect of N addition in Co-Cr alloys consisting mainly of hcp
e-Co was studied by Akhlaghi et al. [165] (Figure 6a). By
nitriding at 400°C for 1 h, N was retained in solid solution and a
N-rich expanded ¢ phase, €y, was obtained, having a maximum
N content of ~20 at.%. As treatment duration or temperature
increased, ey became unstable and it transformed gradually into
¥~- A 3-h nitriding at 450°C produced a modified layer con-
sisting mainly of yy, reaching a maximum N content of ~22 at.%
[165]. As treatment duration was longer, yn tended to decom-
pose into Cr nitrides and low-N fcc and hcp phases, and the
reversed fcc-to-hep transformation was observed. Thicker layers
were produced as treatment temperature and/or time increased;
moreover, thicker layers were obtained in 10 at.% (~9 wt.%) Cr
alloys, if compared to 15 at.% (~13.4 wt.%) Cr alloy.

A continuous modified layer, mainly consisting of yy, is also
observable on Co-Cr-Mo [28, 29, 77, 172, 173] and Co-30Cr-19Fe
[167] (Figure 6b). A two-layer microstructure is also observed
[29, 173]. XRD analysis usually shows the characteristic peaks of
expanded austenite [58, 77, 172, 175], but the presence of two yy
having different lattice expansions is reported [104]. As treat-
ment temperature, duration or N feeding increases, CrN pre-
cipitates are produced [58, 77, 167, 172, 173]. Cr nitrides can
also be formed at low temperatures, depending on the alloy
composition. As an example, in Co-30Cr-19Fe, nitrided at 350°C
for 20 h, CrN was observed [167], while in Co-Cr-Ni-W-Fe
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TABLE 5 | Co-based alloy types subjected to low-temperature thermochemical treatments.

Alloy type

Composition (wt.%)

Treatment type References

Co-Cr
Stellite 21

Cr: 9,134

C:0.3

Co-30Cr-19Fe

Co-28Cr-6Mo wrought (ASTM F1537—UNS

R31537, ISO 5832-12 [Alloy 1) C:<0.14

Co-28Cr-6Mo wrought—(ASTM F1537—

UNS R31538) 0.15-0.35

Co-28Cr-6Mo cast—(ASTM F75)
C:<0.35

HS188
Fe: 3

Cr: 29.9; Fe: 19.1; Mo:
0.3; W: 0.2; C: 0.2

Cr: 26-30; Mo: 5-7;

Cr: 26-30; Mo: 5-7; C:

Cr: 27-30; Mo: 5-7;

Cr: 22; Ni: 22; W: 14;

Gaseous nitriding (T: 400, 450°C; t: 1-24 h) [165]

Cr: 27; Mo: 5.5; Ni: 2.5; Plasma carburizing (T: 400-500°C; t: 15 h) [166]

Plasma nitrocarburizing (T: 400-550°C; t: [87]
10-20 h)
Plasma nitriding (T: 350, 400°C; 20 h) [167]
Plasma nitrocarburizing (T: 380°C; t: 3-15 h) [168]
R.f. plasma nitriding (T: 400°C; ¢: 1-20 h) [77]
PII nitriding (T: 300-550°C; ¢: 1 h) [58]
Plasma nitriding (T: 400°C; ¢: 4 h) [29]
Gaseous carburizing (Kolsterizing) (T: [59, 84, 169]
< 500°C; t: Unspecified)
Plasma nitriding (T: 325-400°C; ¢: 20 h) [28]
Plasma carburizing (T: 400-600°C; : [170]
10, 20 h)
Plasma carburizing (T: 450°C; t: 10 h) [171]
Plasma nitrocarburizing (T: 325-375°C; [28]
t: 20 h)
Gaseous nitrocarburizing (T: 527°C; t: 2 h) [93]
High power impulse magnetron sputtering [172, 173]
plasma nitriding (T: 400°C; t: 4 h)
Ion implantation (LEII and PIII) nitriding ~ [104, 174]
(T: 280-540°C; t: Up to 7 h)
PIII nitriding (T: 400°C; t: 2 h) [175]

(a)

development of hcpe,,

—
nitrided layer

development of fcc,,, from
hcpey,

stabilization of fcc,,,

decomposition of fcc,,, into fec
and hcp phases with less N
supersaturation due to possibl
CrN formation

increasing t

increasing tand T to

increasing t at 450 °C

fee

hep

FIGURE 6 | Evolution of hcp and fcc phases in Co-15Cr alloy nitrided at 400 and 450°C (reproduced from ref. [165], copyright 2022, with
permission from Elsevier) (a); cross-section microstructure of a nitrided (400°C) Co-30Cr-19Fe sample (reproduced from ref. [167], copyright

2019, with permission from Elsevier) (b).

HS188, nitrided at 420°C for 2 h, CrN was not detectable [174].
As the CrN content becomes larger, the decomposition of yy
occurs [176].

A N content up to ~33 at.% was measured on Co-Cr-Ni-W-Fe
HS188 alloy [175], and values as high as 34-38 at.% were
registered on a Co-Cr-Mo ISO 5832-12 alloy [58]. The N con-
centration profile has usually a step-like trend [77, 165, 172].

The thickness of the N-rich layer is not significantly influenced
by the Cr content of Cr-rich alloys. As an example, when L605
(Cr: 20 wt.%), HS188 (Cr: 22 wt.%) and Sy21 (Cr: 28 wt.%) alloys
were nitrided at 340°C for 2 h, modified layers with comparable
thickness were obtained [176]. The thickness of the modified
layer increases as treatment temperature, duration or N feeding
increases [104, 167, 172, 176]. By using the same treatment
conditions (400°C, 1 or 2 h), the thickness of the modified layer
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obtained on a HS188 Co-alloy was smaller than that obtained on
an AISI 304 austenitic stainless steel [104, 175]. When large
amounts of CrN formed, thinner modified layers were observed,
if compared to CrN-free layers produced with the same treat-
ment duration [176]. It was hypothesized that the CrN structure
hinders an additional N uptake since the Cr-depleted Co matrix
becomes unable to permit N transport.

In low-temperature carburized alloys, the formation of y- was
observed in alloys consisting of both fcc and hep phases, such as
Stellite 21 [166], UNS R31537 [59, 84], and UNS R31538 [170].
On the top of the y¢ layer, a very thin (few tens of nanometers)
carbide-rich topmost layer may be formed [170]. As the treat-
ment temperature increases, carbides may precipitate [166, 170]
and a lower C content in y. was detected [166]. A maximum C
content of ~25 at.% was registered [59, 84]. The C profile, having
a decreasing linear trend [84, 166], suggested that diffusion was
influenced by internal stresses [84]. The modified layer thick-
ness increases as the treatment temperature is higher [166].

When nitrocarburizing is performed, the modified layer consists
of an outer N-rich zone, having a step-like trend of the N con-
tent, an inner C-rich zone, in which C content smoothly de-
creases [28, 87, 93, 168]. In plasma nitrocarburized Stellite 21,
the thickness of the N-rich layer was smaller than that of the
C-rich layer, irrespective of the treatment conditions [87]. A
similar result was found for Co-30Cr-19Fe alloy [168]. Expanded
austenite is observed to form from mixed fcc + hcp micro-
structures [87, 93, 168]. Alloy element nitrides may precipitate in
the N-rich zone [93], as well as carbides may form [168]. CrN
was detected when treatment temperature was 500°C or higher
[87]. In Co-30Cr-19Fe alloy, the formation of nitrides and Fe;C
was observed using a treatment temperature as low as 350°C for
durations of 9 h or longer [168]. As expected, the thickness of the
modified layer increases as treatment temperature or time in-
creases [28, 87, 168]. It has to be noted that the modified layer
thickness of the nitrocarburized specimens tends to be higher
than that of nitrided samples treated using the same temperature
and duration. As an example, for 350-°C treated UNS R31538 the
thickness of the modified layer is ~2.2 pm in nitrocarburized
specimens, while only 1.5 um in nitrided samples [28].

The formation of expanded austenite influences the surface
microhardness. A maximum hardness value of ~12 GPa was
measured in nitrided Co-10Cr alloy [165]. In Co-Cr-Mo alloys, a
maximum hardness value of ~21.9 GPa was registered when the
modified layer consisted mainly of yy, while when CrN pre-
cipitates also formed values as high as ~27 GPa were detected
[172]. The microhardness profiles have the typical step-like
trend [165]. The decomposition of yy and the formation of
CrN with low-N fcc and hcp phases cause a decrease in the
hardness values in the surface region [165]. When carburizing
was carried out, a maximum hardness of ~15 GPa was measured
[84], and the microhardness profile has a gradual decrease from
the highest values at the surface to matrix values [171]. The
formation of a nitrocarburized layer with nitride precipitates at
the surface increases hardness up to 16 GPa [93].

The improvement in tribological properties is important for
mechanical applications as well as for biomedical ones. The
friction coefficient of a Co-Cr-Mo alloy, tested in unlubricated

ball-on-disc conditions (load: 5 N; velocity: 0.1 m s™*; counter-

part: SUJ2 [AISI 52100] steel ball), was reduced from 0.8 for the
untreated specimen to 0.4-0.5 for the plasma nitrided alloy [29].
In dry conditions, nitriding was effective in reducing wear loss
[28, 172], especially when thick layers formed [28]. Debris due
to the removal of thin yy layers or hard nitride precipitates may
act as third-body abrasives, increasing wear loss [28]. The wear
resistance was also improved in lubricated condition in Ringer's
solution [28]. Nitrided ASTM F75 had an improvement in tri-
bocorrosion resistance when tested in Hank's solution at anodic
potential or in passivating conditions [177]. In cavitation-
erosion conditions, as those obtained with a vibratory cavita-
tion system, plasma nitriding of Co-30Cr-19Fe alloy allowed the
increase in incubation time and a significant reduction in mass
loss, especially when modified layers of adequate thickness and
hardness were produced (400°C; 20 h) [167]. Corrosion-wear
resistance is also enhanced by carburizing treatments, as high-
lighted by the studies on Stellite 21 tested in a 3.5 wt.% NacCl
solution [166], and on Cr-28Cr-6Mo alloys tested in Ringer's
solution [59, 171]. In particular, a significant reduction in wear
loss was observed when testing was performed at potentials
within the passive branch, that is, in conditions which promoted
the passive layer reformation [59, 171]. When tests were carried
out at OCP, or in cathodic conditions, in which the formation of
the passive film was suppressed, the wear loss became compa-
rable or even higher than that of the untreated samples,
depending on the alloy type, characteristics of the modified
layer and test conditions [59, 171]. The nitrocarburizing treat-
ment is effective in improving wear resistance in dry conditions
[28, 87, 93] and in presence of a potential corrosive environment
such as NaCl solution [87] and Ringer's solution [28], especially
when thick modified layers were produced. The increase in the
resistance to cavitation-erosion phenomena, evaluated with a
vibratory test, was observed for nitrocarburized Co-30Cr-19Fe
[168]. The lower mass loss within the 15-h test duration was
shown by the samples having a thick modified layer consisting
of expanded austenite with a low amount of nitrides and/or
carbides. On the contrary, the presence of a high content of
brittle carbides increased significantly mass loss, and the erosion
rate was higher than that of the untreated alloy.

The formation of a yy layer improves corrosion resistance in
Cl -containing solutions. Nitrided ASTM F75 had the same
passive behavior of the untreated alloy, but it showed an in-
crease in corrosion potential and pitting potential and a
decrease in passive current density when tested in NaCl solution
[173] and Hank's solution [172, 173]. Higher OCP values were
also registered [173]. Corrosion current density and anodic
current density values increased when nitride precipitates were
present [172, 173]. An increase in corrosion resistance was also
observed for plasma nitrided UNS R31538 tested in Ringer's
solution [28] (Figure 7a). Similarly, a y¢ layer has an enhanced
corrosion resistance especially in NaCl solutions and in solution
simulating body fluids. A shift in the polarization curves, typical
of a metal with a passive behavior, toward nobler potential
values and lower anodic current density were registered for
plasma carburized Stellite 21, tested in 3.5 wt.% NaCl [166]. An
increase in OCP values and corrosion potential and a decrease
in the current density in the passive branch were observed in
Ringer's solution for carburized UNS R31537 [59, 84] and UNS
R31538 [171] (Figure 7b). EIS analysis on similar specimens
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tested in Ringer's solution highlighted that the passive film of
the carburized specimens had a higher polarization resistance, if
compared to that of the untreated alloy [169]. When carbides
formed in the modified layer, as when treatments were per-
formed at higher temperatures, a decrease in corrosion resis-
tance was reported [166]. Corrosion resistance was also
improved in plasma nitrocarburized UNS R31538 when tested
in Ringer's solution [28] (Figure 7a).

For the biomedical grades, the assessment of the biocompati-
bility of the surface treated samples is of paramount importance.
Citocompatibility evaluation of gaseous carburized UNS R31537
put in contact in vitro with human fetal osteoblasts showed that
the treated samples were as cytocompatible as the untreated
alloy [84].

Low-temperature nitriding also influences the magnetic
behavior. The e-Co hcp phase has a ferromagnetic behavior,
while the a-Co fcc phase is nonmagnetic [178]. It was shown
that yn formed on paramagnetic Co-Cr-Mo ISO 5832-12 alloy
had a ferromagnetic behavior [58, 77]. The magnetic domains
had different patterns from one grain to another, probably due
to different N content and lattice expansion, and even within the
single grain [58], and their size increased as the treatment
duration was longer [77]. The characteristics of the magnetic
domains depend also on phase composition. When the yy layer
was thin and discontinuous, indistinct magnetic domains with
weak magnetic contrast were observed [58], while strong mag-
netic contrast was detected when a thick, N-rich yx layer was
present and when CrN formed precipitates within the yyx matrix.
As more Cr nitrides formed and yy decomposed into a low-N
Cr-depleted (Co, Mo) fcc phase, weak magnetic contrast was
again registered [58]. Magneto-optic Kerr effect (MOKE) anal-
ysis confirmed the ferromagnetic type behavior [77]. Specimens
nitrided at 400°C for durations ranging from 1 to 20 h showed a
loop behavior with a relatively small coercivity, similar to that of
a soft ferromagnet [77]. It was hypothesized that this ferro-
magnetic state is related to the fairly large lattice expansion
(~10%) of the fcc lattice, which influences the electronic

structure reducing the 3d-3d orbitals overlap, thus enhancing
Co magnetic moment [58, 77].

7 | Entropy Alloy

Entropy alloys are multicomponent alloys that have gained
increasing attention in recent years, due to many favorable
properties, such as high strength and fracture toughness,
corrosion and oxidation resistance [73, 179, 180]. The new alloy
design concept is based on mixing together multiple principal
alloy elements, instead of a primary element with secondary
additions, which is the basis of “conventional” alloy systems.
The mixing entropy of a multicomponent alloy tends to hinder
the precipitation of intermetallics and stabilizes a solid-
solution-like structure, so that even a single phase can be ob-
tained. The mixing of multiple components has four “core ef-
fects,” the high mixing entropy, which promotes a stable
structure, the lattice distortion, which is accounted for the
improvement in hardness and strength, the sluggish diffusion
of substitutional atoms, which enhances thermal stability and
the resistance to oxidation and corrosion, and the synergetic
cocktail effect [73]. Entropy alloys are classified in medium
(MEA) and high (HEA), depending on the mixing entropy
amount, the number of components, and their amount [73,
180]. An extended use of these alloys for demanding applica-
tions requires a further improvement in wear and corrosion
resistance, and hence the possibility of N and/or C alloying at
the surface [50] or in the bulk [181] has been explored.
Regarding surface treatment studies, most of them employ
fairly high treatment temperatures, causing the formation of
compounds [50], or they are focused on the production of high-
entropy nitrides [73]. Only recently the possibility of applying
low-temperature thermochemical treatments has begun to be
explored for a few medium- and high-entropy alloys, as re-
ported in Table 6. In the table, the different alloy types are
classified using the entropy criterion, regardless of the desig-
nation of the authors.
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Low-temperature nitriding treatments have been applied on
both medium- and high-entropy alloys using plasma-based
processes. In particular, the use of an active screen may pro-
duce a topmost layer due to the recondensation of nanometer
nitrides formed from the sputtering of the screen material [60,
183, 184]. These nitrides alter the typical surface morphology
observed in low-temperature nitrided alloys. When the treated
surface is free from nitride particles, the swelling of the grains
was observed [30, 182, 185]. The microscopy analysis of the
cross-section showed the formation of a continuous modified
layer well resistant to chemical etching [30, 31, 182] (Figure 8a).
Micro-cracks may occur when a large N content is solubilized,
as it was observed in FeCrNiSiy s alloy nitrided at 430°C, for
which a N content in the range 30-43 at.% was registered in the
first 5 pm [60], suggesting a brittle behavior due to the high
residual stress. In FeCrNiSigs [60] and CoCrFeNi [31], TEM
analysis highlighted the presence of shear bands, due to the
local plastic deformations occurring with the formation of yy. It
has to be noted that the fairly high SFE of these medium-

entropy alloys hinders the formation of extended stacking
faults, and hence the formation of N-rich hcp ey’ martensite
[31]. The formation of a MN (M = Cr + other alloy elements)
nitride having a NaCl-type lattice, analog to CrN, was observed
as treatment temperature and/or time were increased [31, 182,
186]. However, alloy composition also plays a role in nitride
formation. MN nitride was observed together with yy in CoCr-
FeNiTi nitrided at 400°C [184], nano-sized CrN dots were
detected in FeCrNiSiy s treated at 430°C [60], while CrN was
observable in CoCrFeNi [31], FesuMn,oCryoNiy, [182], CoCr-
FeNiMo,, [183] and CoCrFeMnNi [30] specimens nitrided at
450°C or higher. A nitride-rich nanocrystalline region was also
detected as a topmost layer [31, 60]. When nitriding was carried
out at higher temperatures, yn tended to decompose, and its
transformation into CrN + low-Cr y [31, 182], CrN + low-Cr
y + bee a [60], and CrN + e-M3N + bee a [183] was observed.
The importance of alloy composition in yy transformation can
be highlighted by the comparison of two studies. Using the same
treatment conditions (480°C, 10 h), in CoCrFeNi, a complex

TABLE 6 | Medium- (MEA) and high- (HEA) entropy alloy types subjected to low-temperature thermochemical treatments.

Alloy type Composition (at.%)

Treatment type References

FeCrNiSiy s (MEA)
Fe40Mn20Cr2()N120 (MEA)
CoCrFeNi (MEA)

Fe: 40; Cr: 20; Mn: 20; Ni: 20
Co: 25; Cr: 25; Fe: 25; Ni: 25

Aly;CoCrFeNi (MEA) Al: 2.4; Co: 24.4; Cr: 24.4; Fe:

24.4; Ni: 24.4
Aly sCoCrFeNi (HEA) Al: 11.1; Co: 22.2; Cr: 22.2; Fe:
22.2; Ni: 22.2
CoCrFeNiMo, , (HEA) Co: 22.9; Cr:23.7; Fe: 23.8; Ni:
24.0; Mo: 5.6
CoCrFeNiTi (HEA) Co: 20; Cr: 20; Fe: 20; Ni: 20;
Ti: 20
CoCrFeMnNi (Cantor Co: 20; Cr: 20; Fe: 20; Mn: 20;
alloy) (HEA) Ni: 20

CoCrCuFeNi (HEA) Co: 20; Cr: 20; Cu: 20; Fe: 20;

Ni: 20

Fe: 26.4; Cr: 34.3; Ni: 29.9; Si: 9.4 Active-screen plasma nitriding (T: 430-480°C; t: 10 h) [60]

Plasma nitriding (T: 400-600°C; t: 2-10 h) [182]
Active-screen plasma nitriding (7: 430-480°C; t: 10 h) [31]
Gaseous carburizing (T: 470°C; t: 40 h) [85]
Gaseous nitrocarburizing (unspecified) [88]
Gaseous carburizing (T: 470°C; t: 30 h) [61]
Gaseous carburizing (T: 470°C; t: 30 h) [61]

Active-screen plasma nitriding (7: 400-500°C; t: 10 h) [183]

Auxiliary cathode screen-d.c. plasma nitriding [184]
(T: 400-600°C; £: 15 h)
Auxiliary cathode screen-d.c plasma nitriding [30, 185]
(T: 400-550°C; t: 15 h)
Gaseous nitrocarburizing (unspecified) [88]
Plasma nitriding with/without lanthanum addition [186]

(T: 440°C; t: 8-24 h)

(a) (b)
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FIGURE 8 | Cross-section micrograph of nitrided (430°C) CoCrFeNi (reproduced from ref. [31] under the terms of CC-BY license. Copyright 2024
by the authors) (a), and carburized (470°C) Al ;CoCrFeNi (b) and Al, sCoCrFeNi (c) (reproduced from ref. [61], copyright 2023, with permission from

Elsevier).
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structure formed, consisting of CrN nano-lamellae at grain
boundary and nano-dots within yy [31], while in FeCrNiSi, s Si-
rich (Cr,Si)xN nano-precipitates alone were detected, suggesting
that, thanks to Si, Cr segregation was slowed down [60]. A more
or less continuous layer of MN, maintaining the same compo-
sition of the matrix, was inferred in CoCrFeMnNi alloy nitrided
at 500 and 550°C [30]. The thickness of the modified layer in-
creases as the treatment temperature is higher [30, 31, 60, 183-
185], or as treatment duration is longer [186]. The use of
lanthanum (La) rare-earth addition in the plasma-nitriding step
promoted the formation of thicker modified layers [186]. It was
hypothesized that, entering in the surface layers, La atoms form
anti-trapping regions, and hence accelerate the diffusion of N
atoms by reducing the activation energy for this process.

The N content profile has the typical step-like trend [30, 31, 60,
183-185]. Both maximum N content and N content in the
plateau-like zone depend on the alloy composition. As an
example, in nitrided (430°C, 10 h) FeCrNiSi, s alloy a maximum
N content of 38-43 at.% was registered near the surface, and 30-
36 at.% in the plateau zone [60]. However, when CoCrFeNi alloy
was treated in the same conditions, a maximum N content of
30-33 at.% was detected, followed by a plateau in the range of
20-28 at.% [31] It has to be noted that, despite the increase in Cr
content if compared to that of austenitic stainless steels, the
maximum N content in CoCrFeNi alloy reaches slightly lower
values, suggesting that the addition of large amounts of Ni and
Co tends to hinder the effect of Cr on N uptake [31]. The
peculiar composition of CoCrFeNi alloy also has effects on the
modified layer thickness. While in Co-Cr and Ni-Cr alloys
thinner modified layers are produced, if compared to those
obtained in austenitic stainless steels using comparable treat-
ment conditions, thicker layers were observed in CoCrFeNi. As
an example, using an active-screen plasma nitriding treatment
(430-480°C, 10 h), the thickness of the modified layer ranged
~9-16 um for CoCrFeNi alloy [31], while for AISI 316 ranged
~8-13 um [60]. When the FeCrNiSiy s alloy is considered, the
modified layer thickness was comparable to that obtained in
AISI 316 [60]. It has to be hypothesized that the peculiar
composition of the CoCrFeNi alloy is able to promote the
diffusion of interstitial atoms, while the diffusion of substitu-
tional atoms remains sluggish.

Low-temperature carburizing was studied on CoCrFeNi alloy
[85] and its modifications adding Al [61]. In the carburized
CoCrFeNi, a C-rich supersaturated fcc solid solution easily
formed, while carbides were not detected [85]. When a low Al
content was added to the base alloy, as in Aly;CoCrFeNi, the
fcc matrix structure was retained and the carburizing treatment
allowed for producing a continuous y¢ layer [61] (Figure 8b),
analogous to that observed in the Al-free alloy. As the Al
content was increased, as in AlysCoCrFeNi, the untreated alloy
consisted of fcc grains with a minor amount of interdendritic
Al- and Ni-rich bcc phase. Low-temperature carburizing
allowed for the formation of yc together with an expanded bcc
phase, which was indicated as expanded martensite [61]
(Figure 8c). A partial transformation of the bcc phase into yc
was detected, and carbides were not observed. In the cross-
section, the modified layer consisted of yc grains interspersed
with C-rich bec grains, similarly to what is observed for low-

temperature treated duplex stainless steels, in which both
expanded austenite and expanded ferrite form [10]. A thicker
modified layer (~16 pum) was obtained in the low-Al alloy,
while in the high-Al alloy a thinner (~10 um) carburized case
was produced. A maximum C content of 3 wt.% (~12.7 at.%)
was measured at the surface of carburized CoCrFeNi alloy [85].
Al addition also influenced the C content: a maximum C
content of ~13 at.% was registered in the Aly;CoCrFeNi alloy,
while for the Aly sCoCrFeNi alloy the maximum C content was
~11 at.% [61].

The effects of low-temperature nitrocarburizing were studied on
CoCrFeNi and CoCrFeMnNi alloys [88]. A fairly homogeneous
modified layer formed, which consisted of yx and yc and had a
strong resistance to chemical etching. The N and C profiles
showed a N-rich layer near the surface, followed by a thicker C-
rich layer. The thicknesses of the N-rich layer for the two alloys
were comparable, but a thicker C-rich layer was registered in
CoCrFeMnNi than that produced in CoCrFeNi alloy.

Low-temperature nitriding produces hardened surface layers,
reaching values of ~12.7 GPa [30]. The microhardness profile
has the typical step-like trend, with a more or less extended
region of high hardness values near the surface, followed by a
steep decrease to matrix values [30, 184]. A smoother trend was
observed when La was added in plasma nitriding treatment
[186]. Microhardness profiles of carburized CoCrFeNi alloy are
fairly smooth, similar to the C profile [85]. Values as high as
~12 GPa were measured at the surface, ~5 times higher than the
substrate [85]. It has to be noted that these hardness values are
higher than that obtained for the same alloy with high-
temperature carburizing, in which carbides were produced
[187]. When Al was added, for the Aly;CoCrFeNi alloy the
hardness at the surface was ~12.9 GPa, followed by a smooth
decrease to matrix values (~2.8 GPa) [61]. For the AlysCoCr-
FeNi alloy, the maximum hardness value in the yc grains was
lower, 11.9 GPa, and a similar trend of the hardness profile was
registered. Regarding the bcc phase, in the untreated alloy it had
a significantly higher hardness value (7.8 GPa) than the fcc
phase (3.9 GPa). C enrichment caused only a minor hardness
increase, from 7.8 to ~10.3 GPa [61]. If compared to nitriding
treatment, the nitrocarburizing treatments produce smoother
hardness profiles, in which a gradual decrease from ~12.8 GPa
to matrix value (< 4 GPa) was observed [88].

Low-temperature nitriding allows for an enhancement in wear
resistance. A significant decrease in wear loss was registered
when the treated specimens had duplex layers, consisting of a
nitride-rich layer, deposited by means of active-screen process,
on a yy layer [183], yx layers with/without nitrides [30, 185],
and yy layers produced by nitriding with La addition [186]. The
transformation of yy into CrN and low-N y, as obtained at high
treatment temperatures, improved the sliding wear resistance
from room temperature up to 600°C [182]. A significant
enhancement in wear resistance was also obtained thanks to
nitrocarburizing treatments [88].

The study of the corrosion behavior of nitrided entropy alloys
has often been biased by the formation of a deposited layer due
to the use of active-screen processes. As a matter of fact, when a
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nitride-free modified layer forms, a higher pitting potential was
observed [30, 183, 185] and the yy surface was fairly unetched
when tests were carried out in NaCl solution [183]. The pres-
ence of a small amount of nitride precipitates did not signifi-
cantly affect corrosion resistance [183, 185, 186], but, as the
content increased, corrosion resistance worsened [30, 183, 184].
The formation of yn and yc, produced with nitrocarburizing
treatment, also influences corrosion behavior. When potentio-
dynamic tests were carried out in a NaCl solution, the anodic
current density of the treated samples had a lower gradient than
that of the untreated alloys and an increase in pitting potential
was registered [88]. However, when tested in a 0.05 M H,SO,
solution, the nitrocarburized samples showed higher anodic
current densities in the passive branch than those of the un-
treated alloys, suggesting a worsening of the corrosion resis-
tance [88].

8 | Expanded Austenite and the Role of Alloy
Elements: Some Considerations

This overview on thermochemical treatments performed at low-
temperature has shown that N- and/or C-rich expanded
austenite can be produced on different fcc alloys. A relevant role
in promoting the formation of this supersaturated solid solution
has usually been assigned to Cr, and often it has been indicated
as the indispensable alloy element for forming expanded
austenite. As a matter of fact, the research studies have shown
that a solid solution in the fcc lattice having an interstitial
(especially, N) content larger than that at equilibrium condi-
tions can be obtained in many Cr-free alloys, such as Fe-Ni
Invar [128, 134], Fe-24Mn-2Al1-0.45C TWIP steel [135], Ni-Ti
[52, 141, 142], Ni-Nb [52, 141], Ni-V [52, 141] and Ni-Mn [52,
141] alloys. Therefore, it may be supposed that the conditions
which promote the formation of expanded austenite are related
more to a “chemical environment” than strictly to an atom type.
Considering both the experimental and simulation data, the
formation of a preferential bond between a metal atom with N
or C seems a necessary condition for the entrapment of in-
terstitials in the metal fcc lattice. The “trapping” effect of Cr
toward N and C is well known [101, 129, 188], but a preferential
bond of Fe with N was also suggested [97], so that the formation
of yn in Fe-Ni alloys can be explained. Regarding N-rich
expanded austenite, the trapping effect of different metal
atoms can be evaluated considering the N-metal interactions in
forming MN fcc-based nitrides [72, 189]. When M is a transition
metal, the bond between M and N is a mixture of metallic, co-
valent and ionic components [72, 189]. The tendency to form a
strong bond and thermodynamically stable nitrides varies along
the periodic table and tends to decrease from Group 4 to 11,
with strong nitride formers in the Group 4 (Ti), 5 (V, Nb) and 6
(Cr, Mo), weak nitride formers in groups 7 (Mn), 8 (Fe), 9 (Co),
10 (Ni), while for Cu, in Group 11, the formation of a MN-type
nitride is not reported [72, 189]. Therefore, Cr can form fairly
strong bonds and entrap N in the octahedral interstitial site.
However, bonds can also be exerted by Mn and Fe, even if
weaker but sufficient to maintain N in solid solution, while Ni
and Co seem unable to entrap N. Regarding Ti, V and Nb, they
have a stronger interaction with N than Cr, and therefore their
nitrides may easily precipitate. Together with transition metals,

Al and Si are often used as alloy elements. Both Al and Si are
strong nitride formers, but their bonding with N is covalent
[189]. In Ni binary alloys, they are not able to entrap significant
amounts of N [52, 141], suggesting that it is not the strength of
the M-N interaction alone to promote the formation of
expanded austenite. In Ni superalloys, the importance of the
“chemical environment” has been highlighted by first-principles
calculations regarding the solubilization of N in y’-NisAl pre-
cipitates [159]. As recalled above, N atoms prefer to occupy the
larger interstitial sites surrounded by six Ni atoms, than the
smaller ones surrounded by both Ni and Al atoms, although Al-
N interaction is stronger than Ni-N bond. However, the effect of
strong nitride forming elements as Ti, Nb, Al and Si has to be
considered when the formation of Cr nitrides should be hin-
dered for preserving corrosion resistance. A favorable “chemical
environment” is also required for C-rich expanded austenite,
and the tendency of transition metals to form bonds with C is
similar to that observed for N [72].

The analysis of the reviewed studies suggests that a balance
between “trapping” and “untrapping” elements is important for
both the diffusion kinetics and the interstitial solubilization of
N and C atoms in the para-equilibrium conditions of
low-temperature treatments. Entropy alloys are particularly
promising as a basis for studying the effects of metals having
strong or weak interactions with N/C in promoting the forma-
tion of expanded austenite. The use of different metal atom
mixtures can be useful to investigate the influence of alloy el-
ements on the diffusion kinetics of interstitial atoms in the fcc
lattice and assess the conditions for the formation of expanded
austenite without/with other phases (martensitic phases, ni-
trides, carbides, intermetallic precipitates), as well as to study
the effects of different metal elements on the characteristics of
the modified layer in view of producing surface treated com-
ponents with required characteristics. As an example, Mn seems
a promising candidate for promoting N solubilization, but it can
also cause a decrease in SFE, so that a fcc-to-hcp martensitic
transformation may occur. As reported in Section 3, in austen-
itic stainless steels the presence of ey’ martensite seems to
promote the load bearing capacity of the nitrided specimens
[109] and it does not adversely affect the enhanced corrosion
resistance of the yy layer in NaCl solutions [16, 102, 109], but it
can cause a significant worsening of corrosion resistance in
H,SO, solutions [102], and therefore a careful choice of steel
composition and treatment conditions should be made accord-
ing to the service environment. Moreover, low-temperature
treatments may elucidate the effects of the solubilization of an
interstitials concentration comparable to that of metal atoms on
the peculiar characteristics of entropy alloys.

The presence of different alloy elements affects not only the
characteristics of the modified layer, but also those of the pas-
sive layer formed on it. At present, only the passive layer formed
on expanded austenite in austenitic stainless steel has been
extensively investigated [9, 15]. The study of the characteristics
of the passive film, the eventual presence of an N- or C-rich
region inside the film and its influence on corrosion phenom-
ena, as well as of the effects of the presence of other phases
together with expanded austenite, is important for optimizing
the surface treatments for the mitigation of corrosion in
different environments.
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Another characteristic which is influenced by alloy elements is
the magnetic behavior. Alloy composition affects the interstitials
content, lattice expansion and atom separation, and hence the
magnetic behavior. The studies on this topic were concentrated
especially on austenitic stainless steels [11], and only a nitrided
Co-Cr-Mo alloy was studied [58, 77] among the other alloy
types. The assessment of the conditions for forming a ferro-
magnetic layer and the study of the characteristics of the
ferromagnetic expanded austenite as a function of alloy content
and interstitials concentration have important technological
implications, such as the creation of magnetic devices, since
magnetic patterns on a paramagnetic substrate can be easily
obtained performing the surface treatment using a mask [190],
and the possible use of low-temperature treatments for
biomedical applications.

9 | Conclusions and Outlooks

Thermochemical treatments performed at low temperatures are
effective in forming N and/or C expanded austenite in a variety
of fcc alloys, from austenitic stainless steels to Ni and Co alloys,
to entropy alloys. The characteristics of this phase and of the
modified surface layers in which it is present tend to remain
similar, irrespectively of the alloy type, although the change in
alloy composition is able to modulate the modified layer for-
mation and properties. The solid solution of interstitial atoms
well beyond the solubility limit promotes surface hardness by a
combination of solid solution strengthening, strain hardening
and compressive residual stress, and hence tribological proper-
ties and fatigue resistance can be improved. The solubilization
of N and C is effective in enhancing corrosion resistance in C1™-
ion containing environments, while in Cl™-free environments,
such as in H,SO, solutions, the corrosion behavior is influenced
by the concurrent presence of other phases, such as martensitic
phases or compound precipitates. The expansion of the fcc lat-
tice and the change in electronic environment affect magnetic
properties, so that a soft ferromagnetic layer on a non-magnetic
matrix can be obtained. All these characteristics allow to extend
the applications of the treated alloys in many industrial fields.
However, surface engineering should enable the production of
modified surface layers optimized for specific applications, and
hence a thorough knowledge of the surface treatments-
microstructure-properties relationships is needed. As a matter
of fact, while the formation conditions and many properties of
expanded austenite are well assessed for austenitic stainless
steels, they are not fully explored for the other fcc alloys and
many questions are still open, which can be the basis for future
research activities. The review of international literature has
highlighted that not only the treatment conditions but also the
chemical composition of the alloy (element type, concentration)
influence the diffusion kinetics of the interstitial atoms and
their solubilization in expanded austenite, and hence the pro-
duced N and/or C concentration profile, which affects many
properties of the modified layer. Experimental and simulation
studies can help to elucidate this aspect, as well as the depen-
dence of the characteristics and properties of expanded
austenite and the modified layer on the substrate type. These
studies can be relevant from a technological point of view, since
they can be useful to identify the treatment conditions and

suitable alloys for obtaining modified surface layers with opti-
mized characteristics, tailored for specific service environments.
The development of new alloys, both “conventional” and en-
tropy types, suitable for low-temperature treatments can also be
stimulated.
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