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1. Introduction

Surface engineering techniques are currently used to overcome the limitations of metal
alloys and improve their surface hardness, tribological properties, fatigue resistance and
corrosion resistance in specific environments [1,2]. From this perspective, stainless steels
have represented a challenge for many years, since nitriding and carburizing treatments,
as carried out on low-alloy steels or tool steel, cannot be directly applied to steel of these
grades. In fact, when nitrogen (N) and/or carbon (C) surface alloying is performed through
thermochemical processes at temperatures comparable to those used for low-alloy steels
and tool steels (500–580 ◦C for nitriding, 850–950 ◦C for carburizing), chromium (Cr)-based
compounds can form in stainless steels. Thus, the Cr-depleted matrix becomes unable to
maintain a protective passive film and corrosion may occur [3].

The drawbacks of “traditional” nitriding and carburizing processes can be overcome by
“low-temperature” thermochemical treatments. By using sufficiently low treatment temper-
atures to allow the diffusion of interstitial atoms (N, C), while Cr (substitutional) diffusion
is significantly slowed down, the formation of Cr compounds is hindered. Using these
so-called para-equilibrium conditions for the surface treatment of stainless steels, supersat-
urated solid solutions in austenite, ferrite or martensite are obtained [4]. Forming these
“expanded phases”, as they are often called, can benefit and prolong the life of stainless steel
components. These phases enable an increase in the surface hardness, improvements to the
wear and fatigue resistance, and the maintenance of the good corrosion resistance of these
alloys, or even enhancements of it, in particular in chloride-ion-containing solutions [4].

The formation of expanded austenite, or S-phase, in austenitic stainless steels was first
reported in the mid-1980s, and since then, many studies have investigated this phase, its
properties and the treatment conditions usable for its production without Cr and/or Fe
compound precipitation in different austenitic stainless steels.

Low-temperature treatments have also proven to be suitable for producing expanded
phases in other grades of stainless steels (ferritic, martensitic, duplex and precipitation
hardening), and the formation of expanded ferrite and expanded martensite has been
reported [4,5].

A further step has been the application of these treatments to non-ferrous alloys. The
formation of expanded austenite has been reported in nickel-based [5], cobalt-based [5] and
high-entropy alloys [6].

Another area of research has focused on the different process techniques used to
produce expanded phases. The suitability of many techniques has been studied, from the
more “traditional” gaseous treatments, to ion implantation processes, to plasma-based
processes [5]. Recently, the active screen or cathodic cage plasma-based process has gained
particular attention, since it avoids the edge effect typical of glow discharge DC plasma
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processes and may enable the combination of the diffusion treatment with surface film
deposition [7,8]. An additional step is represented by low-temperature thermochemical
treatment application to additively manufactured parts or to powders used for additive
manufacturing techniques.

The purpose of this Special Issue is to gather original research and critical review
articles on recent advances in all aspects of low-temperature thermochemical treatments
using N and/or C applied to stainless steels and ferrous and non-ferrous alloys.

2. Overview of the Published Articles

A total of thirteen articles have been published, which cover different aspects of low-
temperature thermochemical treatments, from microstructure analysis and evaluation of
the properties of surface-modified alloys, to new proposals for performing thermochemical
processes, to applications in different stainless steel grades and other ferrous and non-
ferrous alloys, both in the massive and powder state.

The formation of expanded phases in different stainless steel grades was reviewed by
Borgioli (Contribution 1). The formation conditions and the characteristics of expanded
austenite, expanded ferrite and expanded martensite were discussed, and their proper-
ties were considered, focusing on the microhardness, load-bearing capacity, tribological
properties and corrosion resistance of the modified surface layers produced by nitriding,
carburizing and nitrocarburizing. Taking into account the most recent studies on this topic,
the nature of expanded austenite was also discussed, in particular regarding the ordering
of N atoms in the supersaturated lattice.

Experimental contributions have further improved our knowledge of expanded phases
and their properties. The characteristics of expanded austenite formed in 316Ti austenitic
stainless steel and 904L super-austenitic stainless steel using nitrogen low-energy ion
implantation (LEII) were investigated by Mändl and Manova (Contribution 2). Using in
situ X-ray diffraction analysis, they studied the expansion of the austenite lattice as N was
solubilized, and thus the modified layer growth and N diffusion. Strong variations in lattice
expansion were observed as a function of the steel composition, grain orientation, and
nitriding conditions, even if N uptake and diffusion were similar for the two steels. The
formation of a double layer with two distinct lattice expansions (higher near the surface
and lower near the interface with the bulk) was detected for some nitriding conditions.
The stability of the expanded austenite was also assessed, highlighting different behaviors
regarding CrN precipitate formation for 316Ti and 904L.

Expanded austenite can form not only on massive alloys but also on additively manu-
factured layers or on powders to be used for thermal spraying.

The effect of low-temperature plasma nitriding on the characteristics of AISI 316L
stainless steel-based WC composite layers produced by laser cladding was studied by
Adachi et al. (Contribution 3). The WC particles acted as a C source, promoting the
formation of mixed carbides and, presumably, C solubilization in the austenite matrix.
When low-temperature nitriding was carried out, a N-rich expanded austenite formed at the
surface, while a C-rich expanded austenite was present in the inner part, and the modified
surface layers were similar to those produced by combining nitriding and carburizing
simultaneously (i.e., nitrocarburizing) or in sequence. The Vickers microhardness values
at the surface ranged from 1200 to 1400 HV and the hardness profiles were smooth. The
nitriding treatment also improved the corrosion resistance in a 3.5 wt.% NaCl solution.

AISI 316L powder surface hardening using low-temperature gas nitrocarburizing and
the use of this hardened powder for cold gas spraying were investigated by Lindner et al.
(Contribution 4). Expanded austenite was able to form on the particles, even if this was
limited to the surface area in most of the powder. Using this hardened powder, a coating
was produced successfully using cold gas spraying. The phase fraction of the expanded
austenite in the coating depended on the spraying conditions and decreased with the
impact velocity of the particles. The spraying conditions also influenced the hardness
values, the wear caused by the scratch test and the corrosion resistance.
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The influence of different treatment processes on expanded austenite formation and
on the properties of the modified surface layers was also explored. Schibicheski Kurelo
et al. (Contribution 5) compared two nitriding techniques, glow discharge plasma ni-
triding (GDPN) and cathodic cage plasma nitriding (CCPN), regarding the mechanical
and tribological behavior of the modified surface layers produced on AISI 316 stainless
steel. Expanded austenite was obtained with both nitriding techniques, but the process
type influenced nitride formation and the thickness of the modified layers. In particular,
by using the same treatment temperature, the GDPN technique produced thicker and
harder modified layers, having better scratch resistance. However, lower roughness and
the absence of Cr depletion were observed in the CCPN-treated samples.

A low-temperature nitrocarburizing process based on the pyrolysis of a solid reagent
(urea) was investigated by Illing et al. (Contribution 6). AISI 316L ferrules were used as
samples, and they were introduced together with urea powder in a vessel, which was then
evacuated and sealed. The heating of the vessel up to 450 ◦C using a two-step process acti-
vated the surface by removing the passive film, and enabled the fast diffusion of interstitial
atoms (C, N) into the alloy, so that N- and C-rich expanded austenite was formed. The
modified surface layers obtained with this technique were comparable to those produced
by a gas- or plasma-based method, but with a significantly reduced processing time. The
pyrolysis products of the reagent were also studied and their role in nitrocarburizing was
considered, highlighting that the interaction of gas molecules with the alloy surface could
have an auto-catalytic effect by altering the gas composition and condensed species.

The effect of plastic deformation on AISI 316L steel subjected to low-temperature
vacuum carburizing without surface activation was studied by Cheon et al. (Contribution 7).
Specimens with different deformation states were obtained, starting from cold-worked
AISI 316L, on which solution or stress-relieving heat treatments were performed. When
carburizing was carried out without surface activation, thinner modified surface layers,
with a C-rich expanded austenite exhibiting a smaller lattice expansion, were observed in
the specimens with high plastic deformation, while thicker and more uniform modified
layers were obtained on the solution-treated specimens. These results could be correlated
to the thickness of the oxide layer, which was higher for the plastic-deformed specimens.
Therefore, the oxide layer appeared to be the most influential factor for the carburizing
efficiency when surface activation was not performed.

The formation of expanded phases was also investigated on ferritic stainless steels.
While the formation of expanded ferrite has been assessed by many authors, whether
expanded austenite can also form is still a matter of debate. The formation and decompo-
sition of expanded austenite produced by nitrogen plasma immersion ion implantation
(PIII) on AISI 444 ferritic stainless steel was studied by Schibicheski Kurelo et al. using in
situ synchrotron X-ray diffraction analysis (Contribution 8). It was observed that, even if
expanded ferrite was the main phase that formed by nitriding at 300 and 400 ◦C, when
the ion fluences were higher, as occurred when the treatment duration or temperature
increased, expanded austenite was also formed. The decomposition of the expanded phases
was assessed both during isothermal heating at 450 ◦C, as well as during the heating period.
Nitrogen diffusion caused a reduction in the lattice parameters of the expanded phases.
Moreover, in the samples nitrided with the highest fluences, expanded austenite tended to
transform into α-ferrite, and CrN and oxides formed.

Low-temperature nitriding treatment has also been performed on non-ferrous alloys
and expanded austenite has been successfully produced. De La Rosa et al. (Contribution
9) studied the effects of plasma nitriding on the Inconel 718 Ni-based alloy. Expanded
austenite was obtained together with CrN using a 400 ◦C nitriding temperature. However,
when nitriding was carried out at 450 ◦C, only austenite and CrN were detectable. Surface
hardening and a higher scratch resistance were observed in the nitrided specimens. The
corrosion behavior of the samples was tested in a 3.56 wt.% NaCl solution using potentio-
dynamic and potentiostatic tests. Pitting corrosion was detected in all the samples. It was
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observed that, even with CrN precipitation, the presence of expanded austenite in 440 ◦C
nitrided specimens led to a better performance regarding crevice corrosion.

Thermochemical treatments have been applied to ferrous and non-ferrous alloys using
treatment temperatures lower than those usually employed. De Abreu et al. (Contribu-
tion 10) investigated the effects of a duplex treatment on the surface properties of AISI
M2 tool steel. The authors performed plasma nitriding at 400 ◦C followed by a cathodic
cage deposition (CCPD) at 400 or 450 ◦C with a titanium cage in a nitrogen-containing
atmosphere. As a result, Fe-based nitrides, γ’-Fe4N and ε-Fe2-3N, and titanium nitride,
TiN, were produced. The duplex treatments effectively improved the surface hardness and
thicker hardened layers with a smooth hardness gradient were obtained. Moreover, these
treatments significantly reduced the wear rate and friction coefficient as evaluated using
ball-on-ring tests.

A two-step hollow cathode treatment, which consisted of a nitriding process followed
by an oxynitriding treatment in the range of 500–540 ◦C, was applied by Yan et al. to
titanium TC4 (Ti-6Al-4V) (Contribution 11). Modified surface layers consisting of TiO2,
TiN, Ti2N and a N-rich α-Ti phase were obtained. The two-step process was effective in
producing hardened layers, which had a significantly improved corrosion resistance in the
artificial saliva solutions.

Other studies have focused on different aspects, which can clarify the properties of
modified surface layers in which expanded phases form.

In Fe-N systems, the different phases (solid solutions, expanded phases, nitrides)
have different magnetic properties, which may also change as a function of the N content.
Kaczmarek et al. (Contribution 12) studied the changes in the phase composition and
magnetic properties of AISI 1010 and AISI 1085 steels, which were nitrided and then
annealed. The nitriding treatment produced a compound layer consisting of ε-Fe2-3N
and γ′-Fe4N nitrides. During annealing, ε-nitride decomposed first, and the γ′ content
significantly increased. The presence of nitrides and their change in composition influenced
the magnetic properties of the steels.

The precipitation of Mn nitrides may occur in the nitriding of Mn-rich stainless steels,
such as AISI 200 series or Ni-free austenitic stainless steel, affecting the properties of the
modified surface layers. The electronic structure and hardness of Mn3N2 was investigated
by Zhang et al. (Contribution 13). Bulk Mn3N2 samples were synthesized and their Vickers
hardness was measured as 9.9 GPa. This experimental result was useful for revising the
theoretical predictions. By combining first-principle simulations and experimental analyses,
the authors highlighted the importance of metal bonds in determining the hardness of
this nitride.

3. Conclusions and Outlook

Low-temperature thermochemical treatment with N and/or C represents a lively
research field, and it allows for increasingly tailored surface modifications to be achieved.
The studies collected in this Special Issue report the latest scientific achievements on
expanded phases, the characteristics of modified surfaces, and process techniques, and
they are valuable for scientists and engineers engaged in the research and development of
surface engineering processes for application to stainless steels and other metallic materials.
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