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Fe–N and Fe–N–C phase equilibria above 853 K
studied by nitriding/nitrocarburising and
secondary annealing

Compound-layer microstructures obtained by gaseous ni-
triding and nitrocarburising treatments of a-Fe and Fe–N
alloy and by subsequent treatments were analysed to obtain
new information on the metastable Fe–N and Fe–N–C sys-
tems above 853 K at 1 atm. In the case of the binary Fe–N
system, invariant temperatures and phase boundaries agree
well with the literature data, only the c/c + c' and the c/
c + e boundaries as determined in the present work by
means of electron probe microanalysis are located at N con-
tents up to 1 at.% lower than reported in previous works. In
the case of the ternary Fe–N–C system, the invariant eutec-
toid reaction was found to occur in the range 853 K–863 K,
whereas the invariant transition reaction was found to occur
in the range 868 K–873 K. The obtained data were used to
draw isothermal sections of the Fe–N–C system for 853 K
and 893 K. The determined temperatures for the invariant
eutectoid and transition reactions as well as the extent of
the ternary e-phase field were compared with phase dia-
grams calculated on the basis of different thermodynamic
descriptions of the Fe–N–C system.

Keywords: Phase diagram; Phase equilibria; Interstitial
phases; Iron carbonitrides

1. Introduction

The use of diffusion couples [1–5] is a powerful experi-
mental method to determine phase equilibria and phase-

boundary concentrations in a multicomponent system.
Thereby, two different phases are brought into direct con-
tact and annealed at a temperature high enough to realise
distinct atomic mobility. During annealing, reactive diffu-
sion can lead to formation of one or more new phases be-
tween the initial end members of the diffusion couple.
Thereby, the evolution of the average composition as a
function of \depth", i. e. in a direction perpendicular to the
original interface of the diffusion couple [1–3], yields the
diffusion path. That diffusion path can be taken as the evo-
lution with depth of the n (average) molar fractions of the
n components of the system through the n-dimensional
space spanned by these n molar fractions. If local equilibri-
um prevails everywhere at the solid–solid interphase
boundaries in the diffusion zone, the sequence of the phases
developing within the diffusion zone and the diffusion path
can be related with the corresponding phase diagram [1–3].
At a given temperature and pressure, the course of a diffu-
sion path is governed by both thermodynamics (e. g. the
possible phase equilibria) and kinetics (e. g. the mobility of
each component in a system).
Note, however, that it is well possible that the velocity of

the phase interfaces is not solely controlled by diffusion as
can be the case if local equilibrium is realized. In such cases
deviations from local equilibrium can occur [6]. Care has to
be taken to identify microstructures for which this is the
case, e. g. in the case that not all microstructures can be re-
conciled with the same phase diagram under assumption of
local equilibrium at all phase interfaces. As a consequence
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one has to arrive at some kind of most likely phase diagram
in view of the experimental evidence available.
Solid-state phase equilibria in the metastable binary Fe–

N and the metastable ternary Fe–N–C systems1 are of great
importance, in particular for the widely applied nitriding
and nitrocarburising processes, where nitrogen and/or car-
bon diffuse into the surface of iron or iron-based alloys,
usually at temperatures between 823 K and 853 K [7–9].
If the chemical potential of nitrogen and/or carbon as per-
taining to the nitriding/nitrocarburising medium is suffi-
ciently high, a compound layer develops at the surface of
the workpiece, which is typically composed of the iron(car-
bo)nitrides e-Fe3(N,C)1+x and c’-Fe4N1–z [8, 10–14]. Upon
nitrocarburising under certain conditions h-Fe3C can also
be formed in the compound layer [15–17]. The compound
layers can lead to a significant improvement of the mechan-
ical (resistance to wear and friction) and chemical (resis-
tance to corrosion) properties of the workpiece [18–20].
Up to now, fundamental research on the Fe–N and Fe–N–

C systems has involved extensive experimental work on the
nitriding and nitrocarburising of iron powders and iron
foils. These works have cumulated in purely experimental
versions of the phase diagrams Fe–N [21, 22] and Fe–N–C
[23–25], all pertaining to 1 atm. Such experimental data
have been used to obtain corresponding thermodynamic de-
scriptions of the Fe–N [26–31] and Fe–N–C systems [29,
32–37] allowing for calculation of the phase equilibria by
using the Calphad method.
Especially the ternary Fe–N–C phase diagrams calcu-

lated on the basis of different thermodynamic descriptions
differ considerably with respect to the phase boundaries
and temperatures of the invariant reactions found experi-
mentally. This is especially evident in the technologically
crucial temperature range of 773 K–873 K and slightly
above, within which several invariant reactions occur. In
view of these discrepancies it is necessary to improve the
amount and also the quality of the experimental information
on the constitution of the Fe–N–C system.
A striking example of such a knowledge gap (and contro-

versy in the literature) concerns the minimum temperatures
at which the a + e two-phase field may occur in the ternary
Fe–N–C system, and whether it exists at all (it does not exist
in the binary Fe–C and Fe–N systems). Novel experimental
data suggested that this a + e two-phase field forms above a
temperature between 833 K and 843 K by a transition type in-
variant reaction from a h (cementite) + c’ two-phase field,
which occurs at lower temperatures [38]. The latter work is
one example of our activities to re-investigate some of the
important phase equilibria in the Fe–N–C system [13, 14,
39, 40]. The approach followed in these studies was based on:
a. Systematic analysis of phase microstructure and compo-
sition in the compound layers generated by nitrocarbur-
ising. Here the diffusion path in a compound layer can
be given by the evolution of the laterally averaged molar
fractions of N and C (that of Fe follows from these as all
molar fractions add up to 1) with depth ( = distance
from surface). If local equilibrium prevails the diffusion
path and the correspondingly observed phases can be re-

lated to the occurrence of two-phase, three-phase and at
most four-phase (invariant at constant pressure) equili-
bria in the Fe–N–C phase diagram at the temperature
of the nitrocarburising treatment [40].

b. Nitrocarburising N-presaturated a-iron substrates.
These substrates expose the difficulty of establishing
certain solid-state equilibria upon nitrocarburising N-
free (pure) a-iron substrates [40] due to initial formation
of cementite layers acting as a diffusion barrier for ni-
trogen [41].

c. So-called secondary anneals under inert atmosphere ap-
plied to specimens previously nitrocarburised at tem-
peratures identical to or different from the annealing
temperature [38, 39, 42]. Such anneals can level out
concentration gradients and, because of this and/or an
annealing temperature different from the nitrocarburis-
ing temperature, may induce new phase transformations
in the compound layer. Analysis of the resulting micro-
structures can give insight into the presence of phase
equilibria at the temperature of the secondary anneal.

Using the above-described experimental methods, the pres-
ent paper focusses on the solid-state equilibria in the Fe–N
and Fe–N–C systems above 853 K.

2. Experimental

2.1. Specimen preparation; nitriding and nitrocarburising
experiments

Rectangular specimens of dimensions 20 · 25 · 1 mm3
were cut from cold-rolled cast iron plates (Alfa Aesar,
99.98 wt.%), ground, polished (final stage 1 mm diamond
suspension), cleaned ultrasonically in ethanol and recrystal-
lised in hydrogen for 2 h at 973 K. Directly before nitriding
or nitrocarburising the specimens were polished (final stage
1 mm diamond suspension) and cleaned with ethanol.
Several series of gaseous nitriding and gaseous nitrocar-

burising experiments were performed in a vertical fused-si-
lica tube furnace of 28 mm diameter. The pure nitriding ex-
periments were carried out in gas mixtures containing NH3,
H2 and sometimes additionally N2. The nitrocarburising ex-
periments were carried out in gas mixtures containing NH3,
H2, CO and sometimes additionally CO2, N2 and H2O. The
process temperature was controlled within ±1 K in the mid-
dle of the furnace, where the specimen was placed sus-
pended on a fused-silica fibre. The composition of the gas
atmosphere was adjusted by separate mass-flow controllers
for NH3 as nitriding species, CO and CO2 as carburising
species, N2 as inert gas, H2 as well as (deionized) evapo-
rated H2O (all gases from Westfalen AG with a purity of
99.999 vol.% except CO with a purity of 99.997 vol.%).
Significant dissociation of NH3 and the occurrence of side
reactions in the gas atmosphere, which both would affect
the composition of the gas mixture, were minimised by ap-
plication of a high overall linear gas-flow rate through the
fused-silica tube of 13.5 mm s–1 as calculated for the gas
volume at room temperature. Upon nitrocarburising the
gas-supply lines were heated to 393 K to avoid the conden-
sation of ammonium bicarbonate. After the heat treatment
the specimens were quenched in water (flushed with nitro-
gen) at room temperature.
Pure nitriding experiments (series N) were conducted to

investigate the solid state phase equilibria and phase trans-
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1 The intermediate solid phases in the binary Fe–N and the ternary
Fe–N–C system are metastable with respect to the decomposition into
iron, nitrogen and/or carbon. All equilibria considered here refer to
the metastable equilibria.



formations in the binary Fe–N system at temperatures be-
tween 873 K and 993 K (see Table 1); i. e. above the tem-
perature of the eutectoid cÐ a + c’ at 865 K [21, 43]. The
composition of the nitriding atmosphere was chosen such
that the e phase with a nitrogen content >20 at.% is ob-
tained at the surface of the compound layer in equilibrium
with the gas atmosphere [44]; see Table 1.
Nitrocarburising of pure a-iron substrates (series NC863)

and nitrogen pre-saturated a-iron substrates (series NC)
were performed to investigate the phase transformations in
the ternary Fe–N–C system in the temperature range of
853 K–893 K. The process parameters are given in Table 2
and Table 3, respectively. The nitrogen pre-saturated sub-
strates were obtained by nitriding of pure a-iron substrates
(20 · 25 · 1 mm3) for 64 h at 833 K in a gas mixture con-
taining 10.9 vol.% NH3 and 89.1 vol.% H2. These nitriding
conditions allow a maximum uptake of nitrogen in solid so-
lution in the a-iron substrate without forming an iron-ni-
tride compound layer [43, 45]. The absence of a compound
layer was verified by X-ray diffraction.
The microstructure and composition of the compound

layers obtained upon nitrocarburising of pure a-iron sub-
strates at 853 K and 893 K were investigated as function of
the carbon activity (at a given nitrogen activity) imposed
by the gas mixture (series NC853 and NC893; see Table 2).
The gas atmospheres of the nitrocarburising experiments

of series NC853, NC863, and NC893 were composed such
that at the corresponding treatment temperature the two
main carburising reactions, the Boudouard reaction and the
heterogeneous water–gas reaction, are associated with the
same chemical potential of carbon [46]. Therefore, for ser-
ies NC853, NC863, and NC893 the nitrogen and carbon ac-
tivities as calculated according to Ref. [46] have been indi-
cated in Table 2. The (strongly) carburising character of
the atmospheres for series NC was achieved by simply add-
ing CO to NH3, H2 and N2. Thereby, no definite value of the
chemical potential of carbon is defined. It is theoretically
infinite, if no side reactions changing the composition of
the gas phase are considered [47]. Therefore, for simplicity
only the value for the nitriding potential rN and the volume
fraction of CO have been listed in Table 3. It has to be em-
phasised that, anyway, in the present work only solid-state

equilibria are considered. No conclusions are drawn which
require the presence of an equilibrium or some stationary
state [43] between the gas atmosphere and the surface of
the solid.
Some nitrocarburized specimens were encapsulated in an

evacuated fused-silica tube under an argon pressure of 0.3
atm and annealed in the nitriding/nitrocarburising furnace
(see above) for 24 h. The annealing temperature was con-
trolled within ±1 K. After annealing the specimens were
quenched in water by destroying the fused-silica tube. The
secondary annealing experiments were performed to (i) lev-
el off the nitrogen and carbon gradients in the compound
layer as developed upon nitrocarburising and (ii) to ap-
proach (near) solid-state equilibria in the microstructure of
the specimen (compound layer and substrate) at the anneal-
ing temperature.

2.2. Specimen characterisation

The nitrided/nitrocarburised specimens were cut into three
pieces for optical microscopy, X-ray diffraction (XRD)
and electron-probe microanalysis (EPMA), respectively.
Optical micrographs on cross-sections of the compound

layers were taken using a Zeiss Axiophot microscope. For
that the specimens were electroplated with a protective
nickel layer using a Watts bath [10] at 333 K to prevent da-
maging and rounding of the compound layer close to the
surface during sample preparation. Subsequently, the speci-
mens were embedded (Polyfast, Struers GmbH), ground,
polished (final stage: 1 mm diamond suspension) and etched
in 1 vol.% Nital containing 0.1 vol.% HCl [48]. When
needed, the compound layers obtained upon nitrocarburis-
ing were additionally stained with Groesbeck reagent [49]
(4 g KMnO4, 1 g NaOH, 1 g KOH per 100 ml H2O) at
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Table 1. Nitriding experiments of series N: Process parameters,
resulting compound-layers microstructures and maximum N con-
tent in the c phase as determined by EPMA.

Series T (K) rN
(atm–1/2)

Time
(h)

layer max. N
content in c
(at.%)

N 873 0.95 4 e/c'/c 8.4
893 0.80 4 e/c'/c 8.6
913 0.70 4 e/c'/c 9.3
923 0.60 4 e/c'/c 9.3
925 0.60 4 e/c'/e/c –
928 0.60 4 e/c'/e/c –
933 0.55 4 e/c'/e/c 9.3
938 0.55 4 e/c'/e/c –
948 0.50 4 e/c –
953 0.50 4 e/c 9.2
993 0.25 2 e/c 9.0

Table 2. Process parameters used for nitrocarburising of pure a-
iron substrates (series NC863, NC853 and NC893).

Series T (K) aN aC NH3
(vol.%)

Time
(h)

NC853 853 553a 0–500 16–20 4
853 415b 0–500 16–20 4

NC863 863 109 2 12 4
863 109 4 12 4

NC893 893 626a 0–200 18 4

a Corresponds to conditions for which, in the case of pure nitriding,
the e phase would form [45].

b Corresponds to conditions for which, in the case of pure nitriding,
the c' phase would form [45].

Table 3. Process parameters and resulting compound-layer mi-
crostructures for nitrocarburising of nitrogen pre-saturated a-iron
substrates (series NC).

Series T (K) rN
(atm–1/2)

CO
(vol.%)

Time
(h)

layer

NC 853 0.3 20 6 h/e
868 0.3 20 6 h/e
873 0.3 20 6 h/e/c



313 K, leading to an increased staining with increasing car-
bon content of a phase. Thereby, the c’, e, c and cementite
(h) phases can be distinguished. Note that the c phase
formed at the treatment temperatures transforms partially
into martensite (a’) upon the quenching. Occurrence of this
transformation is evident in the metallographic cross-sec-
tions and also in the XRD data. Since the presence of c at
the treatment temperature is relevant in the present context,
c or a’ observed at room temperature is simply indicated as
c.
A compound layer can be divided into separate sublayers

perpendicular to the surface normal, where each sublayer
comprises a laterally homogeneous phase constitution, as
observed over a lateral distance of at least several 10 mm.
The overall phase constitution of the compound layer can
thus be denoted [14, 40] by the sequence of phase composi-
tions of the sublayers (separated by \/"), starting from the
surface of the material and ending at the interface between
compound layer and substrate. As opposed to pure nitride
layers, the carbonitride layers resulting from nitrocarburis-
ing can contain sublayers containing two different phases,
for which the Greek letters denoting the two phases are se-
parated by a \+". The possibility of establishing two-phase
sublayers upon nitrocarburising of pure iron is a conse-
quence of Gibbs’ phase rule for the case of three compo-
nents (Fe, N, C) in the system.
The nitrogen and carbon contents in the compound layers

were determined by EPMA on polished cross-sections of
the specimens (final stage: 1 mm diamond suspension). For
that purpose a Cameca SX100 microprobe equipped with
five wavelength-dispersive spectrometers was used. Prior
to the measurement, oxygen was blown for 40 seconds onto
the cross-section at the position of the focused electron
beam in order to remove carbon contamination from the
sample surface. Line scans were performed with a step size
of 1 mm at different locations of the compound layer per-
pendicular to the surface. The elemental concentrations
were obtained from the simultaneously measured intensi-
ties of the characteristic N-Ka, C-Ka and Fe-Ka radiations
excited by an incident 10 keV-electron beam. The mea-
sured Ka intensities of N, C and Fe were compared with
standard samples of a-Fe, c’-Fe4N1–z and hFe3C. The con-
centrations of N, C and Fe were calculated from the inten-
sity ratios applying the U(qz) approach [50]. The nitrogen
and carbon contents at interphase boundaries were obtained
by the extrapolation of the measured nitrogen concentra-
tion–depth profiles to these positions.
Phase analysis was performed by means of XRD using a

PANalytical X’Pert Multi-Purpose Diffractometer equipped
with a graphite monochromator in the diffracted beam (Co-
Ka radiation) and applying Bragg–Brentano geometry. For
better crystallite statistics the specimens were rotated
around their surface normal during the measurement.

3. Results

The following paragraphs report on the phase constitution
in the compound layers as determined on the basis of opti-
cal micrographs recorded from cross-sections. In all cases,
the results of XRD analysis of the compound layers was al-
ways well compatible with the results from optical micro-
scopy. Hence, the diffraction results are not reported sepa-
rately.

3.1. Nitriding experiments of Series N

Nitriding experiments of series N (Table 1) led to formation
of an e/c’/c layer for temperatures between 873 K and
923 K, whereas for temperatures in the range of
925 K £ T £ 938 K an e/c’/e/c layer was obtained. The c’
phase did not occur in the compound layer at T ‡ 948 K
and thus an e/c double layer was observed. These com-
pound-layer microstructures are summarized in Table 1,
typical microstructural images are shown in Fig. 1.
A nitrogen concentration–depth profile in the compound

layer formed by nitriding experiments of series N is shown
in Fig. 2. The phase-boundary concentrations are shown in
Fig. 3 superimposed with the binary Fe–N phase diagram
as drawn in Ref. [21] and experimental data from Refs.
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Fig. 1. Cross-sectional optical micrographs (after etching with 1 vol.%
Nital containing 0.1 vol.% HCl) of the compound layers obtained upon
nitriding of pure a-iron substrates for 4 h in NH3/H2 gas mixtures (ser-
ies N) at (a) 873 K, (b) 925 K and (c) 948 K. For the case of the treat-
ment temperatures of 925 K and 948 K, the extent of the c sublayer is
emphasised by an arrow.



[51–55] as cited in Ref. [21]. Since the N contents of the c
phase in equilibrium with the c’ or e phases somewhat dis-
agree with the earlier works, their values have additionally
been listed in Table 1.

3.2. Nitrocarburising experiments of Series NC863 and
NC

Nitrocarburising experiments of series NC863 conducted at
863 K (Table 2) resulted in the formation of a c’ layer
(aC = 2; Fig. 4a) and an e + c'/e layer (aC = 4; Fig. 4b). Ad-
ditionally, in both cases, c phase had developed at only
some locations at the layer/substrate interface.
The nitrocarburising of nitrogen pre-saturated substrates

with the same strongly carburising atmospheres but at dif-
ferent temperatures (series NC; Table 3) resulted in the for-
mation of different microstructures, which all show a sin-
gle-phase cementite (sub)layer at the surface of the
substrate; see Fig. 5. A laterally homogeneous h/e double
layer was obtained at 853 K. Such a h/e double layer was
also obtained at 868 K, whereby some locations showed a

h/e/c layer sequence. At 873 K the e phase was nearly com-
pletely isolated from the a-iron substrate by a c sublayer,
i. e. a h/e/c layer was present. Only at very few places was
the c layer not closed. Note that for the specimens obtained
at 868 K and 873 K, at a few places plates of h phase from
the h sublayer extend through the e sublayer to the a sub-
strate (868 K) or to c (873 K).
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Fig. 2. Nitrogen concentration–depth profile determined by EPMA in
an e/c double layer obtained upon nitriding at 953 K and
rN = 0.5 atm

–1/2 (see Table 1). The dashed vertical lines indicate the e/
c and c/a interfaces.

Fig. 3. Nitrogen contents (data points) in c and e at the corresponding
phase boundaries determined by EPMA in compound layers of series
N, superimposed on the binary Fe–N phase diagram (solid lines) [21]
and experimental data cited there. The dashed lines indicate the homo-
geneity range of the c phase according to the present work.

Fig. 4. Cross-sectional optical micrographs (after etching with 1 vol.%
Nital containing 0.1 vol.% HCl) of the compound layers obtained upon
nitrocarburising of a pure a-iron substrate for 4 h in gas mixture (series
NC863) with aN = 109 and (a) aC = 2 and (b) aC = 4 at 863 K.

Fig. 5. Cross-sectional optical micrographs (after etching with 1 vol.%
Nital containing 0.1 vol.% HCl and staining with Groesbeck reagent)
showing cross-sections of the compound layers obtained upon nitrocar-
burising of presaturated a-iron substrates for 4 h in an NH3/H2/CO/N2
gas mixture (series NC) at (a) 853 K, (b) 868 K and (c) 873 K. The
slight gap between the cementite (h) sublayer at the surface of the spe-
cimen and the Ni capping layer is an artifact of the metallographic pre-
paration.



The h/e double layer obtained upon nitrocarburising at
853 K (series NC; see Fig. 5a and Fig. 6a) was annealed
for 24 h at a higher temperature of 873 K leading to a com-
pound layer composed of a single-phase h layer; at a few lo-
cations a h/c double layer was observed (Fig. 6b).

3.3. Nitrocarburising experiments of Series NC853 and
NC893

The microstructure of compound layers obtained under the
condition of nitrocarburising of series NC853 (Table 2)
have already been discussed in Ref. [13]. Experiments of
series NC853 with aN = 553 yielded e/c’ double layers for
0 £ aC £ 50 and an inhomogeneous microstructure com-

posed of both e/c’ double layers and e/e + c’ double layers
for 100 £ aC £ 500 [13]. Experiments of series NC853 with
aN = 416 resulted in the formation of massive c’ layers for
0 £ aC £ 15, e/c’ double layers for 30 £ aC £ 100 or inho-
mogeneous microstructures composed of both e/c’ double
layers and e/e + c’ double layers for 200 £ aC £ 500. Note
that the c phase was never observed in specimens nitrocar-
burized at 853 K.
Nitrocarburising experiments of series NC893 (aN = 626)

led to formation of e/c’/c layers (Fig. 7a) at carbon activ-
ities of 0 £ aC £ 1. At higher carbon activities (5 £
aC £ 25), the amount of c’ in the compound layer decreases,
leading to a laterally inhomogeneous microstructure of e/c
layers (Fig. 7b) and e/e + c’/e/c layers (Fig. 7c). The occur-
rence of cementite was observed at 50 £ aC £ 200; the cor-
responding microstructures were either laterally inhomoge-
neous, constituted of h/e/c-layers and e/c layers, or
homogeneous, i. e. h/e/c layers were observed (Fig. 7d).
Representative nitrogen and carbon concentration–depth

profiles determined in the e and c phases of compound
layers obtained upon nitrocarburising of series NC853,
NC893 as well as of series NC (at 853 K) are shown as data
points in Fig. 8 and can be interpreted as part of the corre-
sponding diffusion paths [2]. In specimens also exhibiting
e + c’ dual-phase sublayers (e. g. Fig. 7c), the composi-
tion–depth profiles were only measured at locations, where
the e phase reaches from the surface to the e/a interface,
i. e. the c’ grains were avoided in the EPMA measurements.
A composition–depth profile in the e phase of a h/e/c’ layer
(micrograph not shown) was also included in the isothermal
section pertaining to 893 K in Fig. 8. The corresponding
layer was obtained by first producing a massive c’ surface
layer upon nitriding for 6 h at 853 K with 37.3 vol.% NH3
and 62.7 vol.% H2 and then nitrocarburising under the same
conditions used for series NC.
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Fig. 6. Cross-sectional optical micrographs after etching with 1 vol.%
Nital containing 0.1 vol.% HCl showing compound layers obtained
after nitrocarburising (a) at 853 K, series NC (after staining with a
Groesbeck reagent) and (b) after secondary annealing that specimen
for 24 h at 873 K (no staining was applied).

Fig. 7. Cross-sectional optical micrographs, after etching with 1 vol.% Nital containing 0.1 vol.% HCl and staining with a Groesbeck reagent, of
compound layers obtained upon nitrocarburising of pure a-iron substrates for 4 h at 893 K (series NC893) using a nitrogen activity of aN = 626
and a various carbon activities. (a) e/c’/c layer, (b) e/c layer, (c) e/e + c’/e/c layer, and (d) h/e/c layer. For aC = 12.5 two micrographs taken from
the same specimen are shown (b and c).



4. Discussion

The investigation of phase equilibria in the binary Fe–N
and the ternary Fe–N–C system by means of nitriding/nitro-
carburising of pure a-iron substrates is usually based on the
assumption of local equilibrium at all solid–solid interphase
boundaries in the developing compound layer. Under this
assumption the mechanical contact of the phases in the
compound layer obtained at a given process temperature
implies the presence of corresponding phase equilibria in
the corresponding Fe–N or Fe–N–C system. It turns out,
however, that a few of the observed microstructures cannot
be reconciled with the assumption of local equilibrium; see
what follows in Section 4.2.2. Deviation from local equilib-
rium at solid–solid interfaces is in principle a well-estab-
lished phenomenon [6]. In such cases a critical assessment
of the experimental data is required to arrive at statements
on the true equilibria. Note that the (possible) establishment
of local equilibrium or stationary state [43] at the interface
of the gas atmosphere and the compound layer is not rele-
vant for the present work and is left undiscussed in the fol-
lowing.

4.1. The Fe–N system between 873 K and 993 K

Nitriding of pure a-iron substrates (Section 3.1, series N) in
the range of 873 K–993 K resulted with increasing tem-
perature in the formation of e/c'/c layers, e/c'/e/c layers
and e/c double-layers, in that order. All these microstruc-
tures are compatible with the binary Fe–N phase diagram
of Ref. [21].
The change of the microstructure from an e/c’/c layer ob-

served at 923 K to an e/c’/e/c layer observed at 925 K im-
plies the occurrence of the eutectoid transformation at a tem-
perature between 923 K and 925 K (see Table 1), which is in
very good agreement with the value of 923 K given in Ref.
[21]. The disappearance of the c’ phase from the compound
layers in the temperature range of 938 K–948 K implies that
the temperature of the polymorphic transformation is in the
range of 938 K–948 K. Thereby, the temperature of the
polymorphic transformation is slightly lower than 953 K as
indicated in the Fe–N phase diagram of Ref. [21]. It is noted
that the temperatures of these invariant reactions in the bin-
ary Fe–N system are well reproduced by the different ther-
modynamic descriptions of the system [26–31].
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Fig. 8. Isothermal sections of the ternary Fe–N–C phase diagram at 1 atm superimposed with some of the diffusion paths measured in the com-
pound layers obtained upon nitrocarburising at (a) 853 K as well as at (b) and (c) 893 K. The phase boundaries (full lines) were adapted to be com-
patible with the diffusion paths (points) in the e and c phase fields measured by EPMA (individual, unaveraged profiles). The legend indicates the
layer sequences observed for the specimens, in which the EPMA profiles were taken. (d) Comparison of the presently assessed phase boundaries at
853 K with the extent of the e phase field as reported by previous authors [29, 33, 35].



The nitrogen contents in e as determined by EPMA at the
e/e + c' phase boundary and the e/e + c phase boundary
agree well with the Fe–N phase diagram of Ref. [21] (see
Fig. 3); the deviations are less than 0.4 at.% N. Also the c/
c + a phase boundary excellently agrees with literature data
[51–55]. However, the nitrogen contents at the c/c + c' and
the c/c + e phase boundaries obtained in the present work
are up to 1 at.% lower than the values given in Refs. [51–
55]; see Fig. 3. Therefore, the numerical values have been
added to Table 1. The agreement of the presently deter-
mined low-N content phase boundary of the c phase with
the literature [21] implies that the disagreement of the
high-N content phase boundaries of the c phase cannot be
simply attributed to some possible systematic error in the
N-content determination by EPMA as performed in this
work.

4.2. The Fe–N–C system between 853 K and 893 K

4.2.1. General

The results of the nitrocarburising and of the secondary an-
nealing experiments in terms of phase boundaries and in
terms of occurrence of different solid state equilibria were
used to construct isothermal sections at 853 K and at
893 K, as shown in Fig. 8. The experimental results also in-
dicate that two invariant reactions occur in this temperature
range. A eutectoid reaction c Ð a + c’ + e at a single tem-
perature in the range of 853 K < TE < 863 K and a transition
reaction c + h Ð a + e at a single temperature in the range
of 868 K < TU2

2 < 873 K. The corresponding four-phase
equilibria prevailing at the respective invariant tempera-
tures are illustrated in Fig. 9. The invariant reactions are
also indicated in the Scheil reaction scheme [56, 57] shown
in Fig. 10, where the invariant reactions for the two binary
systems have been obtained from the literature [21, 58].
These two invariant reactions are both predicted to occur

by three different descriptions of the Fe–N–C system [29,
32, 35]. Therefore, the following discussion focusses at a
comparison of the present experimental results with these
thermodynamic descriptions. Note that the sequence of in-
variant reactions reported on the basis of a very recent ther-
modynamic description [37] is different from those in [29,
32, 35]. Moreover, according to Ref. [37] the c + h equilib-
rium would occur above 848 K, above which also the a + e
equilibrium would be absent.

4.2.2. Temperatures of the invariant reactions

The temperature range indicated for the invariant tempera-
ture TE is determined as follows. The microstructures of
series NC863 reveal that the c phase was formed in the
compound layer upon nitrocarburising at 863 K (series
NC863; see Section 3.2 and Fig. 4), whereas this was not
the case at 853 K (series NC853, Section 3.3, and numer-
ous, not mentioned, experiments performed at this tempera-
ture, see [13, 14, 40]). Non-observation of the c phase in the
large variety of microstructures obtained at 853 K contain-

ing a, c’ and e, indicates that the invariant reaction c Ð
a + c’ + e occurs within the above indicated 853 K < TE <
863 K. A comparison with the binary Fe–N phase diagram
(Fig. 3), where the invariant reaction c Ð a + c’ occurs at
865 K shows that the eutectoid temperature pertaining to
the ternary system is, as expected, lower than for the binary
Fe–N system.
The temperature range indicated for the invariant tem-

perature TU2 is determined on the basis of the observations
of the specimens of series NC using presaturated substrates,
as well as on observations of specimens subjected to sec-
ondary annealing. The treatment conditions of series NC
were chosen such that the h phase forms at the surface of
the compound layer, in agreement with Refs. [15, 41]. The
obtained microstructures at the interface with the a sub-
strate indicate the presence of the two-phase equilibrium a
+ e at 853 K–868 K whereas at 873 K an a + c two-phase
equilibrium occurs at most places (Fig. 5). However, for a
treatment temperature of 868 K a few h platelets penetrat-
ing the e sublayer are in direct contact with the c-phase re-
gions, although a c + h equilibrium does not exist at that
temperature (only above TU2). Similarly, for a treatment
temperature of 873 K, at a very few places, the c phase is
not fully closed and a few e grains are in contact with the
a substrate, although an a + e equilibrium does not exist at
that temperature (only below TU2). These observations im-
ply that non-equilibrium states may also be encountered.
The chosen value of TU2 of 868 K < TU2 < 873 K is also
compatible with secondary annealing of the specimen nitro-
carburized at 853 K of the NC series at a higher temperature
of 873 K which resulted in the disappearance of the e + a
equilibrium and the establishment of the c + h equilibrium
in the microstructure of the compound layer (Fig. 6).
The eutectoid reaction c Ð a + c’ + e (invariant tem-

perature TE) and the transition reaction c + h Ð a + e (in-
variant temperature TU2) have been predicted by various
thermodynamic descriptions of the Fe–N–C system [29,
32, 35]. In the case of the eutectoid reaction, it has been re-
ported TE = 849 K by Du and Hillert [32], 856 K by Du
[29], and 856 K by Kunze3 [35], which should be compared
with 853 K–863 K as found here experimentally. In the
case of the transition reaction, it has been reported
TU2 = 853 K by Du and Hillert [32], 867 K by Du [29], and
951 K by Kunze3 [35]. These values have to be compared
with TU2 = 868 K–873 K as found here experimentally.
Hence, considering only the values of the invariant tem-
peratures, the thermodynamic description by Du [29]
agrees best with the presently reported experimental data
(but see Section 4.2.3).
In a recent work [59] the presence of a pearlite-like mi-

crostructure in compound layers of carbon steel nitrocar-
burized at 833 K–853 K followed by furnace cooling was
observed. That microstructure was attributed to the pre-
sence of nitrogen-rich austenite at the treatment tempera-
ture, which was reconciled with outdated constitution data
of the Fe–N–C system [25] in which a eutectoid tempera-
ture of as low as 838 K (or below) was proposed. Such a
low value of TE, however, has to be rejected in view of the
later literature and also in view of the present work, and
casts doubts on the temperature control of the experiments
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2 This transition temperature is associated with the index 2 to distin-
guish this transition temperature from the temperature of a second
transition reaction a + e Ð h + c’ reported to occur at a lower tem-
perature, in the range 833 K–843 K [38].

3 These values have not been reported in Ref. [35] but have been cal-
culated separately in this work.



presented in [59]. The present authors have never observed
signs of austenite in specimens nitrocarburised at 853 K.

4.2.3. Extent of the e-phase field

Whereas early works [23–25, 36] implied the absence of an
a + e equilibrium in the ternary Fe–N–C system, some ex-
perimental evidence (see references listed in Ref. [38]) in-
dicated occurrence of that equilibrium. In fact, later re-
ported thermodynamic descriptions [29, 32–35] of the Fe–
N–C system imply the presence of a corresponding a + e
two-phase field at 853 K. Quite direct experimental evi-
dence was obtained with later data [38]. Hence, the pre-
sence of the a + e two-phase field in the isothermal section
at 853 K (Fig. 8) is compatible with the recent literature.
The isothermal sections calculated from the thermody-
namic descriptions by Du and Hillert [32], Du [29], Kunze
[35] and Slycke et al. [33] for a temperature of 853 K do

all contain an a + e two-phase region. A comparison of the
calculated [29, 33, 35] and the experimentally determined
Fe–N–C phase diagram isothermal sections at 853 K is giv-
en in Fig. 8d. Evidently, the thermodynamic description ac-
cording to Kunze [35] shows the best but still limited agree-
ment with the experimental data.

5. Conclusion

New experimental data on phase boundaries and invariant
reactions have been determined for the (metastable) Fe–N
and Fe–N–C systems. For that purpose, compound layers
composed of iron (carbo)nitrides and partly cementite were
generated by means of gaseous nitriding or nitrocarburising
on a-iron plates or a-iron plates pre-saturated with nitrogen.
In some cases, specimens were subsequently annealed in an
inert atmosphere. In most cases the microstructures were
evaluated by interpreting phases in contact with each other
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Fig. 9. Invariant four-phase equilibria represented by the ternary Fe–N–C phase diagram at 1 atm immediately above the corresponding invariant
temperature (a) c Ð a + c’ + e (853 K < TE < 863 K) and (b) c + h Ð a + e (868 K < TU2 < 873 K). In line with Ref. [57] the compositions of the
four phases participating at the corresponding equilibrium have been indicated by circles, whereby the composition of the cementite h (25 at. %
C) contributing to the four-phase equilibrium in (b) is not located in the range shown. The two-phase and three-phase equilibria occurring immedi-
ately below the invariant temperature have been labelled with the phase identifiers in parentheses. Thereby, the new two-phase equilibrium appear-
ing below the invariant transition temperature in (b) has been indicated by a dashed line.

Fig. 10. Part of the Scheil reaction scheme of
the metastable Fe–N–C system showing the
sequence, formula and temperature of the in-
variant and univariant reactions for the ternary
Fe–N–C system at 1 atm as obtained in the
present work, i. e. reactions occurring below
the ternary eutectoid are not considered. The
lines connecting the invariant reactions repre-
sent the corresponding three-phase equilibria.
For the binary Fe–N and Fe–C systems, the
data were taken from the literature [21, 58].



as to be in (local) equilibrium at the nitriding/nitrocarburis-
ing temperature or, in the case of annealed specimens, at the
last applied annealing temperature. For a few specimens,
however, the presence of a non-equilibrium microstructure
had to be assumed to arrive at a definite view on the equilib-
rium phase diagram. Electron microprobe analysis mea-
surements were employed to determine the homogeneity
ranges of the e and c phase fields. The following conclu-
sions were drawn:
1. The microstructures of compound layers of a-iron plates
purely nitrided at 873 K–993 K largely agree well with
what is expected from published Fe–N phase diagrams.
However, the phase boundaries c/c + c’ and c/c + e are
shifted distinctly to lower N contents by about 1 at.%.

2. In the Fe–N–C system two invariant reactions occur in
the temperature range 853 K–893 K as demonstrated
on the basis of microstructures of compound layers of
as-nitrocarburised a-iron plates, and those of some spe-
cimens which were subsequently subjected to further
anneals: the eutectoid reaction, c Ð a + c’ + e, occurs
in the range 853 K–863 K, and the transition reaction,
c + h Ð a + e, occurs in the range 868 K–873 K. Iso-
thermal sections of the Fe–N–C system at 853 K and
893 K can be constructed from these data and the con-
centration–depth profiles in the e and c phases.

3. A comparison has been made of the obtained constitu-
tional data for the Fe–N–C system with those calcu-
lated, by means of the Calphad method, on the basis of
different thermodynamic descriptions of the Fe–N–C
system reported in the literature. Such a comparison
shows that the description by Kunze [35] gives the best
agreement regarding the composition ranges of the e
phase, whereas the description by Du [29] agrees best
regarding the temperatures of the invariant reactions
considered here. It can be concluded here that an im-
proved thermodynamic description of the Fe–N–C sys-
tem might be found as a compromise of the models of
Refs. [29, 35]. Such an improved description is relevant
due to occurrence of several invariant reactions in the
Fe–N–C system within the temperature range of techni-
cal nitriding and nitrocarburising procedures (typically
below the eutectoid temperature) and slightly above.

We thank Dipl.-Ing. Holger Göhring for calculation, using the Thermo-
Calc software, of the invariant temperatures on the basis of Kunze’s
thermodynamic description [35]. These values were not provided in
the original work.
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