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Abstract

Ferritic nitrocarburizing is a widely employed industry process by which a strengthened nitrocarburized surface can be formed on
mechanical tools or parts made of steels. Mainly composed of the e-Fe2–3(C,N) and c0-Fe4(C, N) carbonitride phases as well as the a-
Fe phase, the nitrocarburized surface has featured microstructures and properties that are directly related to the phase transformations
occurring in the surface layers. Thus far, the following phase transformation sequence for the surface has generally been accepted: a-
Fe + N/C! e! c0. In the present work, these phase transformations were systematically revisited by microstructure and property char-
acterizations in association with a controlled nitrocarburizing process by which the microstructures and properties of the surface are
adjustable. Our study demonstrates that, to fully understand the microstructure and the property of a nitrocarburized surface, it is nec-
essary to adopt the phase transformation sequence a-Fe + N/C! c-N/C + N/C! c0 + N/C! e, in which the existence of a transi-
tional austenite phase containing N/C atoms (c-N/C) must be assumed and the c0 phase actually forms prior to the e phase.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Ferritic nitrocarburizing, being a thermal chemical sur-
face treatment process at a temperature below 592 �C
(the eutectoid temperature of the Fe–N alloy system), has
been widely used to improve the surface properties, such
as corrosion resistance, wear resistance and fatigue resis-
tance, of mechanical tools and parts made of iron alloys
and steels [1–10]. The nitrocarburized surface of carbon
steels usually consists of an outermost compound layer
and an inner diffusion layer. In some cases a transition
layer may be formed between the above two layers [6,9].
Usually, the compound layer is composed of both the e-
Fe2–3(C,N) and c0-Fe4(C,N) carbonitrides, though the h-

Fe3C cementite phase may appear in a specially designed
low-N/C-ratio nitrocarburizing process [11–13]. It is often
observed that the compound layer can be further divided
into an upmost e carbonitride sublayer and an inner c0 car-
bonitride sublayer [6,9,14–16]. The properties of such a
nitrocarburized surface are strongly dependent on the
microstructures formed, including the carbonitride phases
and the thicknesses of these (sub)layers, whereas the micro-
structures are directly related to the phase transformations
that occur in these layers. Hence understanding these phase
transformations is particularly important for the improve-
ment of the nitrocarburizing process.

It has been shown that the phase transformations occur-
ring in the nitrocarburized steel surface are governed by the
nitrocarburizing parameters, such as the temperature, gas
composition and cooling path (or method) [6,9,14–16].
The currently accepted phase transformation sequence in
the nitrocarburized steel surface originated from the iron
nitride formation mechanism proposed in 1965 by Kölbel
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et al. [17], who suggested that in a plasma nitriding process
the formation of iron nitrides follows the reaction path: a-
Fe + N! FeN! Fe2N! Fe3N! Fe4N. This nitriding
mechanism has been supported by the studies of several
other researchers [18–23], and since then has become the
generally accepted formation mechanism of the nitride/car-
bonitride phases in the nitrocarburized layers of carbon
steels in the following form [6,14–16]: a-Fe + N/C! e-
Fe2–3(C,N)! c0-Fe4(C,N). This mechanism infers that,
in the nitrocarburized layers that include a compound
layer, a diffusion layer and a transition layer (if appeared),
the e phase is first precipitated from the ferritic a-Fe matrix
containing supersaturated N/C atoms and then the e phase
transforms into the c0 phase through a decomposition
mechanism. The portion of the e phase grains (or sublayer)
with respect to the portion of the c0 phase grains (or sublay-
er) may vary in different cooling processes [15,16]. None-
theless, Somers and Mittemeijer [24] argued that the
dissolution and diffusion of nitrogen into the ferrite sub-
strate governs the formation and growth kinetics of iron
nitrides, and they believed that the c0 phase first nucleates
at the surface and then the e-nitrides nucleate on the c0-
nitrides, though their supporting experimental data were
very limited. Hence the formation mechanism of the carbo-
nitride phases is still a somewhat controversial issue in the
understanding of a nitriding/nitrocarburizing process.

In fact, current understandings of the phase transforma-
tions and the relations between the phases formed in a
nitriding/nitrocarburizing process become even more con-
troversial and ambiguous if more individual results pub-
lished in the literature are examined with regard to this
same issue. This is partly due to the fact that the problems
involved have not been well defined, partly due to the com-
plexity of the phase transformations that occur during the
process, and partly due to the fact that the characterization
methods used in the studies are not sufficiently accurate or
comprehensive, as analyzed below.

First, the phase transformations occurring in a ferritic
nitriding/nitrocarburizing process actually belong to two
classes: those transformations that occur in the nitrocarbu-
rizing stage at the highest temperature of the process and
those that occur in the cooling stage down to room temper-
ature. However, the phases formed in these two different
stages are mixed up in the final microstructures and have
never been distinguished clearly. For example, both the
phase diagram of the Fe–N alloy system [25] and first-prin-
ciples energy calculations [26,27] indicate that at a ferritic
nitriding temperature (below 650 �C) the c0 phase is the sta-
ble one in those parts of the Fe-matrix where the N concen-
tration is less than 20 at.%, whereas the e phase is more
stable in those places where the N concentration is beyond
26 at.% (the two phases can coexist where the N concentra-
tion is in the range of 20–26 at.%). Theoretically, at the
beginning of the process, the N concentration should be
low in the Fe-matrix and the c0-particles would form first.
These c0-particles would then quickly transform into e-par-
ticles in the outer surface area, where the N concentration

can rapidly increase beyond 20 at.%. However, these trans-
formations are difficult to monitor experimentally. On the
other hand, it has been clearly shown, via a slow cooling
process [6,20] and an annealing process [16,21], that the
low-nitrogen e-nitrides transform into the c0 phase as the
N atoms they contain diffuse into the matrix.

Secondly, as well as the a-Fe-matrix phase, the c0 phase
and the e phase, an austenite phase containing nitrogen
(referred to as c-N/C) may form during a ferritic nitrocar-
burizing process, as shown by Mössbauer measurements
[9,28,29]. This implies that the phase transformations
involved in a nitrocarburizing process could have been
much more complex than what have thus far been under-
stood or reported in the literature. Nonetheless, since the
amount of retained austenite detected by Mössbauer mea-
surements is too small to be observed by other character-
ization tools, stronger evidence is needed to confirm the
formation of the c-N/C phase at ferritic nitrocarburizing
temperature, which is below 592 �C, i.e. the eutectoid tem-
perature of Fe–N alloys. Theoretically, if a ferritic nitrocar-
burizing temperature of around 565 �C is chosen, as is
usually done in practice, the c-N/C phase can form in those
parts of the Fe-matrix with the right N/C concentration,
since the eutectoid temperature of the Fe–C–N alloy sys-
tem is lowered to 565 �C [25]. Thus, using the conventional
definition of a ferritic nitrocarburizing process with respect
to the eutectoid temperature of Fe–N alloys (592 �C) to try
to understand the possible phase transformations that
occur in the process is actually somewhat misleading, as
it excludes the c-N/C phase.

Thirdly, in the studies of the microstructures of nitrocar-
burized layers, optical microscopy (OM), scanning electron
microscopy (SEM) and X-ray diffraction (XRD) have been
widely employed, whereas transmission electron micros-
copy (TEM) has been used comparatively less. However,
as analyzed above, fine microstructure details may exist
and could provide crucial information about the complex
phase transformations occurring in the nitrocarburization
processes. More TEM examinations are therefore needed
to reveal the fine microstructures of the nitrocarburized
layers. Furthermore, consistent with the demand for fine
microstructure characterization, both the macroproperties
and the microproperties should be characterized, in order
to understand the detailed contributions of each individual
layer to the macroproperties of the nitrocarburized surfaces
of steels.

In the present work, it is demonstrated that, in a nitro-
carburizing process of carbon steel, the thickness of the
transition layer between the compound layer and the diffu-
sion layer is controllable, ranging from 0 to 20 lm, by
changing the C/N concentration ratio in the nitrocarburiz-
ing gases. Detailed microstructure and property character-
izations of the transition layers consistently reveal that the
c-N/C phase had been formed at a nitrocarburizing tem-
perature between 560 and 580 �C. Both experimental evi-
dence and first-principles energy calculations indicate that
the phase transformation sequence occurring during a
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