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The incorporation of nitrogen or carbon in steel is widely applied to provide major improve-
ments in materials performance with respect to fatigue, wear, tribology, and atmospheric cor-
rosion. These improvements rely on a modification of the surface-adjacent region of the material
by the (internal) precipitation of alloying element nitrides/carbides or by the development of a
continuous layer of iron-based (carbo-) nitrides. The evolution of the microstructure during
thermochemical treatments is not only determined by solid-state diffusion, but in many cases
also by the kinetics of the surface reactions and the interplay with mechanical stress. In the
present article a few examples, covering research on the interaction of carbon and/or nitrogen
with iron-based metals, are included to illustrate the various aspects of gas-metal interactions.

1. Introduction

Gaseous thermochemical surface treatments such as ni-
triding and nitrocarburizing belong to the most versatile
surface engineering processes of steels and allow improve-
ment of the performance of components with respect to
fatigue, wear, and atmospheric corrosion. In principle, dur-
ing treatment the case developing can be subdivided into a
surface layer consisting of compounds such as nitrides and
carbonitrides with a diffusion zone underneath, containing
alloying element (carbo)nitrides or a supersaturated inter-
stitial solution of nitrogen in a metallic matrix. In the pres-
ent article the various aspects of the kinetics of microstruc-
ture evolution during gas-solid interactions during
thermochemical treatment are discussed. These aspects in-
volve the implication of the competition between surface
reaction kinetics and solid-state diffusion on nucleation
of a compound at a surface and compound layer growth, the
competition between carbon and nitrogen uptake during ni-
trocarburizing, and the modeling aspects of the growth of
expanded austenite during nitriding of austenitic stainless
steel.

The gas-solid interactions[1] to be discussed are essen-
tially simple and concern nitriding in NH3/H2 and nitrocar-
burizing in NH3/CO2/H2. In all cases atmospheric pressure
applies. Dissociation reactions at the surface provide the
atomic species adsorbed at the surface, which subsequently
may be incorporated into the solid state or leave the surface
again. For nitriding in NH3/H2, adsorbed nitrogen atoms can
diffuse into the solid phase �,

NH3 ↔ Nad +
3

2
H2 (Reaction Ia)

Nad ↔ �N�� (Reaction Ib)

or, upon development of molecular nitrogen, leave the sur-
face:

Nad + Nad ↔ N2 (Reaction Ic)

For nitrocarburizing, a competition between a carburizing
and a nitriding reaction occurs. Because of the presence of
hydrogen, carburizing according to the following scheme is
kinetically preferred.

CO2 + H2 ↔ CO + H2O (Reaction IIa)

CO + H2 ↔ Cad + H2O (Reaction IIb)

Cad ↔ �C�� (Reaction IIc)

2. Nucleation of Iron Nitride at an Iron Surface
during Nitriding[2]

On gaseous nitriding of iron the first phase developing at
the surface is ��-Fe4N1−x, which nucleates upon exceeding
the maximum solubility of nitrogen in iron in the region
adjacent to the surface. The incubation time for the nucle-
ation of �� nitride depends on the competition between the
flux of nitrogen atoms arriving at the surface and the flux of
those leaving the surface. The flux of arriving nitrogen at-
oms is controlled by ammonia dissociation (reaction Ia); the
fluxes of nitrogen atoms leaving the surface are the result of
the development and desorption of N2 (reaction Ic) and
diffusion of nitrogen atoms into the solid state (reaction Ib).
For an iron plate of infinite length and width with finite
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thickness (L) and a uniform, initial nitrogen distribution
(C0), the fluxes of nitrogen atoms associated with the dis-
sociation reaction of ammonia at the surface, Jdiss, the de-
sorption of molecular nitrogen from the surface, Jdes, and
solid-state diffusion into the substrate, Jdiff, are given by
Eq 1 to 3[2,3]:

Jdiss = k � �Ceq − CS� (Eq 1)

Jdes = �k2 �
KS � CS

2

1 + KS � CS
(Eq 2)

Jdiff = J|z�0 = −DN
�

�CN

�z �z=0
(Eq 3)

where k is the reaction rate constant for ammonia dissocia-
tion, Ceq is the nitrogen concentration in �-iron for equilib-
rium with the gas phase, CS is the actual concentration of
nitrogen in the solid state adjacent to the surface, k2 is a rate
constant of the formation of molecular nitrogen, KS is the
equilibrium constant of segregation of nitrogen atoms at the
iron surface, and z�0 indicates the position of the surface.
To obtain the nitrogen depth distribution as a function of
nitriding time, Fick’s second law:

�CN

�t
= DN

�
�2CN

�z2 (Eq 4)

has to be solved for the set of boundary conditions given by
Eq 1 to 3. At the time where the surface concentration CS
exceeds the solubility limit for nitrogen in �-Fe a driving
force for the nucleation of ��-Fe4N1−x is established. This
nitriding time is taken as the incubation time for iron nitride
nucleation. In Fig. 1(a) the incubation time thus calculated
is given as a function of the nitriding potential,1 KN, for
nitriding temperatures ranging from 743 to 863 K (details of
the calculations and the data used are given in Ref 2 and 3).
Evidently, the incubation time decreases with increasing
nitriding potential. It follows from Fig. 1(a) that the forma-
tion of N2 only affects the calculated incubation time for
nitriding potentials just beyond the critical nitriding poten-
tial where ferrite can be stable. The effect of N2 formation
is a prolongation of the incubation period by maximally
10% (at 863 K) and decreases dramatically with decreasing
temperature. The experimental investigation of the devel-
opment of iron nitrides at a ferrite surface was carried out
with light microscopy of the polished as-nitrided surface.
Identification of the nitride phases was done with x-ray
diffraction analysis.

The development of nitrides on grain surfaces rather than
at grain boundaries (cf. Fig. 1b) was taken as a criterion for
successful nucleation because the calculations do not take

1Nitriding potential is proportional to the nitrogen activity in the solid
state for equilibrium with the gas phase,

KN =
pNH3

pH2

3�2

Fig. 1 (a) Calculated incubation time for establishing a driving
force for the nucleation of ��-Fe4N1−x on pure iron. The dashed
curves represent the additional incubation time caused by N2 de-
velopment at the surface. (b) Light microscopy of polished surface
H2-reduced and nitrided. Nitriding was performed at 833 K at
nitriding potential KN�0.38 bar−1/2 (�1.2 10−3 Pa−1/2) for 20
min. (c) Comparison of experimental and calculated incubation
times at 833 K

Basic and Applied Research: Section I

Journal of Phase Equilibria and Diffusion Vol. 26 No. 5 2005 521



the occurrence of grain boundaries into account. The ex-
perimental incubation times for ��-Fe4N1−x nucleation are
generally shorter than the times calculated for attaining the
maximum lattice solubility of nitrogen in ferrite, i.e., estab-
lishing a driving force for nitride nucleation (Fig. 1c). These
systematic differences are attributed to differences in the
surface conditions (composition and topography) of the
samples used in the present experiments and those used in
the experiments from which the rates of the surface reac-
tions were assessed.[2]

3. Nitride Layer Growth under Combined Surface
Reaction and Diffusion Control[4]

On nitriding, the growth kinetics of the compound layer
during nitriding is usually assumed to be controlled by
solid-state diffusion of nitrogen through the phases consti-
tuting the compound layer; the diffusion of iron atoms can
be neglected.[5] The growth of ��-Fe4N1−x monolayers or
the �-Fe2N1−z /��-Fe4N1−x double layers on ferrite can be
evaluated from considering the fluxes entering and leaving
the sublayers (for mathematical descriptions, see Ref 5).
The assumptions, usually made to arrive at a mathematical
description of the growth kinetics, involve local equilibrium
at the solid/solid interfaces as well as at the surface. It can
be assumed that the composition in each of the sublayers
changes linearly with depth, provided that the composition-
dependent diffusion coefficients DN

� are replaced by the
composition-weighted (effective) diffusion coefficient,
〈DN

�〉, for each of the sublayers[5]:

�DN
�� = �

yN,�
min

yN,�
max

�DN
��* �

d ln aN

d ln CN
� dyN,� (Eq 5)

with

�DN
��* = RT�1 − yN,��MN

� (Eq 6)

where (DN
�)* is the tracer diffusion coefficient of nitrogen in

phase �, yN,�
min and yN,�

min are the minimum and maximum
occupancies of the interstitial sublattice in phase �, and
MN,�

max is the mobility of nitrogen atoms in phase �. The
thermodynamic factor d ln aN/d ln CN in Eq 4, where aN is
the activity of nitrogen and CN the concentration of nitro-
gen, follows directly from the thermodynamics of the
phases involved (cf. Ref 5 to 7 and references therein). For
�/�� double layers the assumption of local equilibrium at the
gas/solid interface is clearly in conflict with experimental
findings (cf. Fig. 2 and Ref 2, 7); local equilibrium at the
solid/solid interfaces appears to be in good agreement with
experimental results. Generally, the nitrogen content in the
� phase close to the surface is significantly lower than the
content corresponding to local equilibrium with an imposed
nitrogen activity. This lower nitrogen content is attributed to
the competition between the relatively slow kinetics of am-
monia dissociation, the desorption of molecular nitrogen
gas from the surface, and solid-state diffusion into � nitride.

A model assuming local equilibrium at the solid/solid

interfaces in the compound layer and a dynamic situation at
the gas/solid interface is presented in Fig. 3. Analogous to
the case of nucleation, the dynamic situation at the surface
is described by Eq 1 to 3. The equations describing double
layer growth under the condition of no local equilibrium at
the surface have been published elsewhere.[8]

The evolution of the layer thicknesses of � phase and
��-nitride were described mathematically by the model in
Fig. 3 under the above conditions, adopting k, k2, KS for �
phase and (DN

��)* and MN
� as fit parameters. Layer growth

kinetics at 773 K at a relatively high nitriding potential is
shown in Fig. 4. The dashed lines represent the simulated
layer growth kinetics if the model from Ref 5 is adopted,
which presumes local equilibrium at all interfaces, includ-
ing the surface, and only one fit parameter (〈DN

� 〉 or MN
� ).

The model in Fig. 3 provides a better description of the
evolution of the layer thickness than the model presuming
local equilibrium at the surface (Fig. 4) and, perhaps more
convincingly, the evolution of the nitrogen depth profile
(Fig. 2).

The major discrepancy between the modeled and experi-
mental data in Fig. 4 concerns the thickness of the �� layer
for relatively short nitriding times. Further improvement of
describing the evolution of this part would involve incor-
poration of the nucleation of the �� layer at the surface,
which was left out of the present model to keep the number
of fitting parameters as low as possible. Furthermore, it was
found that upon exceeding the maximum solubility of ni-
trogen in ferrite, the ��-layer does not form instantaneously
as a layer, but by nucleation and subsequent coalescence (cf.
Ref 2, 5) and references therein). As a consequence nitrogen
incorporation can occur through both ferrite and the �� nu-
clei, resulting in a thicker �� layer than would be obtainable
for diffusion through a �� layer only (as reflected by the
experimental data in Fig. 4). Another issue that deserves

Fig. 2 Comparison of experimental and modeled nitrogen pro-
files for a dynamic state at the surface[4,7]
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future attention is the occurrence of compositionally in-
duced compressive stress profiles in the two nitride layers
(cf. Ref 9 and references therein). This topic will be dis-
cussed in section 7.

4. Microstructural Evolution of the Compound
Layer during Nitrocarburizing[10]

On gaseous nitrocarburizing the nucleation of the phases
constituting the compound layer depends on the competition
of the surface reactions I and II. The carburizing reaction
proceeds much faster than the nitriding reaction. Hence, the
carbon solubility in the substrate is exceeded earlier than the
nitrogen solubility, and carbide or a carbonitride would be
expected to nucleate. The nucleation of �� iron nitride is
suppressed because of the low solubility of carbon in this

phase. On nitrocarburizing pure iron the first phase appear-
ing at the surface was observed to be cementite (�-Fe3C) for
various combinations of nitriding and carburizing activi-
ties.[10] A first appearance of the carbonitride phase
�-Fe2(N,C)1−z in the compound layer was observed to be
promoted by a high nitriding potential and to be retarded by
a high carburizing activity, but was never observed to nucle-
ate as the first phase.

In the sequel the microstructural evolution of the com-
pound layer is discussed for the following combination of
nitrogen and carbon activities: aN � 753; aC � 1.37. The
morphological and compositional evolution of the com-
pound layer on iron during nitrocarburizing under these
conditions is presented in Fig. 5. After the initial develop-
ment of cementite, the � phase becomes dominant in the
compound layer on prolonged treatment. The content of
cementite decreases and, eventually, becomes zero. Concur-
rently, the amount of �� phase increases (Fig. 5), particu-
larly in the part of the compound layer adjacent to the sub-
strate. The evolution of the composition depth profiles
shows that the nitrogen content at the surface increases with

Fig. 3 Model for double layer growth. Local equilibrium prevails
at all solid/solid phase boundaries. For a time increment dt the
sublayers increase in thickness by d	 and d
, whereas the surface
concentration increases by �CS. Linear concentration profiles are
assumed in the sublayers.

Fig. 4 Results of modeling double layer growth for the cases of
local equilibrium (dashed lines) and a dynamic state (solid lines) at
the surface

Fig. 5 Light microscopy of polished surfaces H2-reduced and
nitrided. Nitriding was performed at 833 K at nitriding potential
KN�0.38 bar−1/2 (�1.2 10−3 Pa−1/2) for 15 min.
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time, whereas the carbon content at the surface decreases
complementarily (Fig. 6). This relatively slow increase of
the nitrogen content is consistent with the observation of a
continuously increasing nitrogen content in � phase on ni-
triding because of the relatively slow kinetics of ammonia
dissociation at (and nitrogen desorption from) the iron sur-
face, which allowed an initially strong absorption of carbon.
Needless to say, modeling of the microstructure evolution
of the compound layer during nitrocarburizing is currently
not possible because it involves nucleation and dissolution
of phases as well as composition changes. Most parameters
necessary for such modeling are (as yet) quantitatively un-
determined.

A very first attempt to model the growth kinetics of
the compound layer during nitrocarburizing for a simple
phase constitution of the compound layer and local equilib-
rium at the surface and solid/solid interfaces is presented in
Ref 11.

5. Dissolution of Nitrogen in Austenitic (fcc)
Stainless Steel[12,13]

A very recent development in the thermochemical treat-
ment of iron-based materials is nitriding of stainless steel,

with the purpose of improving the surface wear perfor-
mance without impairing the excellent corrosion properties.
This can only be achieved when the hardening process does
not hinder chromium atoms from forming the self-repairing
chromium-based oxide layer that provides corrosion resis-
tance. Because chromium has a relatively strong affinity for
forming nitrides, the temperature should be low to prevent
chromium atoms from diffusing to nucleation sites for chro-
mium nitrides (surface, grain boundaries, dislocations). Ac-
cordingly, a metastable equilibrium between nitrogen in the
gas phase and nitrogen in the solid state can be achieved,
so-called expanded austenite (or S phase), where nitrogen is
interstitially dissolved in the strongly oversaturated fcc lat-
tice. The nitrogen occupancy of the interstitial fcc lattice can
be as high as yN � 0.61, which is higher than the nitrogen
contents hitherto reported to be achievable for iron nitrides
under gaseous nitriding conditions. In micrographs ex-
panded austenite is typically recognized as a featureless
surface layer (cf. Fig. 7) with a high hardness.

The nitrogen contents dissolvable in (stress-free) ex-
panded austenite are colossal and can be controlled by ad-
justing the nitrogen activity in the gas phase (Fig. 8a). Ex-
perimentally the data in Fig. 8(a) were obtained
thermogravimetrically by nitriding of thin coupons (5-7.5
�m) in pure NH3 and thereafter equilibrating the coupons in
a NH3/H2 mixture with known nitrogen activity aN; the
lowest aN was obtained in pure H2.

The lattice expansion associated with interstitial dissolu-
tion of nitrogen in the austenite lattice (Fig. 8b) implies
the occurrence of large stresses and steep stress gradients
over a growing layer of expanded austenite. Compressive
stresses of the order of several GPa and stress gradients
of the order of a 1015 Pa·m−1 are no exception.[12,13] Con-
sequently, the assessment of nitrogen diffusion coefficients
from layer-growth kinetics experiments can only lead to
stress-affected diffusion coefficients without general valid-
ity. Another complication in the determination of diffusion
coefficients of nitrogen from the evolution of the nitrogen

Fig. 6 EPMA nitrogen and carbon depth profiles determined on
cross sections of the samples in Fig. 5 for 60, 120, and 240 min

Fig. 7 Layer of expanded austenite obtained by nitriding stain-
less steel (AISI 316) at 718 K for 22 h in 60% NH3/40% H2 (Ref
12, 13)
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concentration profile is the occurrence of trapped nitrogen
in expanded austenite. As shown in Fig. 8(a) the nitrogen
occupancy of the interstitial lattice obtained for aN � 0
leaves a nitrogen content conforming to yN � 0.17 in the
sample, which corresponds to the chromium content. This
strongly suggests that a nitrogen content corresponding to
Cr:N � 1:1 is strongly bound in the sample. To be able to
distinguish between the diffusion of strongly bound and less
strongly bound nitrogen atoms the following method was
applied for the determination of the concentration-
dependent diffusion coefficient of nitrogen in expanded aus-
tenite.

As mentioned above, thin coupons were nitrided in a
thermobalance for continuous monitoring of the change of
the sample weight and thus the nitrogen content. After
equilibrating in pure NH3, the samples were equilibrated at
a slightly lower aN, by adjusting the composition of the
NH3/H2 gas mixture. Consequently, the sample weight de-
creases by denitriding until a new stationary state (meta-
stable equilibrium) between gas and sample is attained. The
kinetics of weight decrease was described mathematically
with the equation for desorption from a plate, taking the

diffusivity as a constant fitting parameter. By repeating this
procedure for a range of aN values, a range of effective
values for the diffusion coefficients in the composition
ranges for the actual denitriding steps is obtained. The in-
fluence of stress (gradients) on these values is considered
small.

The effective diffusivities thus obtained are depicted in
Fig. 9. Evidently, the diffusion coefficient of nitrogen in
expanded austenite is concentration dependent and has a
maximum value for nitrogen occupancies of about yN �
0.45. Qualitatively, these results can be reasoned as follows.
The expansion of the austenite lattice by dissolution of ni-
trogen is likely to facilitate the transfer of a nitrogen atom
from an octahedral interstitial site of the fcc lattice to a
tetrahedral site, which can be considered the activated state
for interstitial diffusion in fcc lattices. Thus, the activation
energy for the diffusion of nitrogen is reduced. With in-
creasing nitrogen content the occupancy of the interstitial
lattice increases, which reduces the probability that a nitro-
gen atom in the activated state can jump to an unoccupied
octahedral site. Consequently, the diffusion coefficient is
reduced. Evidently, for nitrogen contents exceeding yN �
0.45 the latter reduced probability for diffusion outweighs
the reduced activation energy.

5.1 Calculation of Nitrogen Profiles in Nitrided Austenite

On the basis of the composition-dependent diffusivity of
nitrogen in expanded austenite it is possible to estimate the
evolution of the nitrogen concentration profile as a function
of the nitriding parameters temperature, gas composition,
and time. In the modeling of nitrogen diffusion in expanded
austenite it is assumed that nitrogen up to yN � 0.17 is
immobile and does not contribute to long-range diffusion
(cf. Fig. 8a). A similar assumption was recently done for
modeling the diffusion of nitrogen in ferritic iron-chromium
alloys,[14,15] where distinction was made between so-called
mobile and immobile excess nitrogen atoms[15]: all nitrogen
atoms, including excess nitrogen, dissolved in the expanded
ferrite lattice were considered mobile and contributed

Fig. 8 (a) Nitrogen occupancy, yN, of the interstitial fcc lattice of
expanded austenite as a function of the imposed nitrogen activity,
aN, in the NH3/H2 gas mixture. (b) Lattice parameter of expanded
austenite vs occupancy of the interstitial fcc lattice

Fig. 9 Effective diffusion coefficients of nitrogen in expanded
austenite (both AISI 304 and 316) vs nitrogen occupancy of the
interstitial fcc lattice
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(solely) to the development of the nitrogen concentration
profile, whereas (excess) nitrogen atoms residing in CrN
and at the interface between CrN platelets and ferrite were
considered immobile. In the present case of nitrogen in
expanded austenite all nitrogen atoms are in solid solution,
but evidently the chemical environments are different.

The first results of our calculations, with a model similar
to that in Ref 14 and 15, but with a concentration-dependent
nitrogen diffusion coefficient (Fig. 9) and immobile nitro-
gen considered as nitrogen trapped by chromium atoms (not
as nitrides!) in the expanded austenite lattice are given in
Fig. 10. The solubility product, K“CrN” � yCr.yN, of chro-
mium and nitrogen in the austenitic lattice, i.e., the combi-
nation of chromium and nitrogen contents below which no
trapping occurs, is not known for the present temperature.
Therefore various values were considered in our calcula-
tions. The solubility product, K“CrN” effectively governs the
trapping behavior of nitrogen. For a K“CrN” value of nil,
infinitely strong trapping of nitrogen at the trap sites occurs.
Conversely, an infinitely high value of K“CrN” implies that
trapping does not occur at all.

The calculated profiles show a striking qualitative resem-
blance to those presented in the literature and are in quali-
tative agreement with the observation of a thin diffusion

zone in front of the expanded austenite layer (cf. Fig. 7).
Further refinement of the model appears necessary because
the effects of compositionally-induced stresses as well as
the effect of the kinetics of the surface reaction(s) were
omitted in the present modeling. Furthermore, the diffusiv-
ity of nitrogen for compositions conforming to yN < 0.17 is
not known and was estimated by an extrapolation of diffu-
sivities determined at higher nitrogen contents (Fig. 9).

5.2 Residual Stress in Expanded Austenite Layers

Stress-depth distributions over expanded austenite layers
were determined with x-ray diffraction analysis and succes-
sive removal of very thin sublayers. It was recognized that
the simultaneous occurrence of a stress-depth profile and a
composition profile demands unraveling of the influences of
stress (lattice strain) and composition on the lattice spacing
and can lead to the occurrence of ghost stresses after data
evaluation.[16] For the present case of residual stress in ex-
panded austenite the ghost stresses can easily exceed 1
GPa.[17] Depth profiles of the strain-free lattice spacing in
expanded austenite (which is directly proportional to the
interstitial atom content) and residual stress are given in Fig.
11 for two expanded austenite layers obtained by nitriding
or carburizing. Compressive stresses were obtained in all
investigated samples.[12,13] Typically, the compressive
stresses in �N and �C layers are of the order of several GPa,
up to 7-8 GPa compression in �N layers. The very high
compressive stresses are caused by the compositionally in-
duced expansion of the austenite lattice (cf. Fig. 8b). How-
ever, the residual stress values expected from pure elastic
accommodation of the expanded austenite lattice, as re-
flected by the strain-free lattice parameter (Fig. 11b), are
twice as high. This discrepancy can be explained by an
anticipated change of the elastic constants with interstitial
atom content (which was not taken into account) and the
occurrence of plastic deformation in the layers during
growth. Evidently, the part of the lattice expansion which is
accommodated elastically in the �N layer shown in Fig. 11
changes close to the surface because the (elastic) stress
value decreases toward the surface, whereas the lattice ex-
pansion caused by the nitrogen content has its maximum
value at the surface. This is explained from pushing indi-
vidual grains out of the surface and possibly local crack
formation.

6. Interaction of Stress and Kinetics of
Microstructure Evolution

Qualitatively, the occurrence of compositionally induced
stresses in the growing layers has the following implications
for the layer growth kinetics:

• A situation of local equilibrium at the surface is no
longer given by absorption isotherms as determined for
homogeneous stress-free samples (cf. Ref 5, 6, and Fig.
8a) but should also take elastic strain energy into ac-
count.[18] For the present case of compressive stresses at
the surface, this leads to lower nitrogen contents than re-
flected by the current (stress-free) thermodynamic data.

Fig. 10 Calculated nitrogen depth profiles in stainless steel AISI
316 after nitriding at 718 K for 24 h at a nitriding potential KN �
1.39 bar−1/2 (top) and 595 bar−1/2 (bottom). Various values of the
solubility product K“CrN” were chosen.
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• A compressive stress has a pressure effect on the dif-
fusion coefficient.[19] In principle, this implies that the
effective diffusivities/mobilities obtained as fit param-
eters in Section 3 (Fig. 4) are affected by this pressure
effect and have no general validity.

• A stress gradient, such that the maximum compressive
stress occurs at the surface, provides an extra driving
force for nitrogen atoms to diffuse to larger depth. This
also implies that effective diffusivities/mobilities ob-
tained from fitting layer thickness data are affected by
the compositionally induced stresses.

For the present cases of nitrogen and carbon diffusion in
iron-based interstitial systems the effects of compositionally
induced stress appear to be of considerable importance,
most specifically for the case of expanded austenite where
exorbitantly high compressive stresses of 7-8 GPa were
found (Fig. 11 and Ref 12, 13). For the present interstitial
systems the strategy to be followed for quantifying the
effect of stress on diffusion and vice versa is combining
experiments on thin foils, for determining the stress-

unaffected diffusion coefficients as a function of composi-
tion. Thereafter, the kinetics of the incorporation of nitrogen
(or carbon) into bulk samples, as studied by weight gain (in
situ), layer growth kinetics, and evolution of the composi-
tion profile can be compared with the predictions on the
basis of the stress-unaffected thermodynamics and diffusion
parameters as well as with a model that incorporates the
stress and the kinetics of surface reaction(s).

7. Conclusions

The kinetics of gas-metal interactions in iron-based in-
terstitial systems is not controlled exclusively by solid-state
diffusion of the interstitial elements as might be expected at
first consideration. It was demonstrated for the case of ni-
triding of iron that the kinetics of surface reactions can have
a strong influence too. In the case of nitrocarburizing a
competition between nitriding and carburizing is initially
(kinetically) won by carburizing, but on prolonged time the
nitriding reaction dominates thermodynamically. The case
of the growth of expanded austenite in austenitic stainless
steel was addressed. In all evaluations up until now the role
of compositionally induced residual stresses on the descrip-
tion of the thermodynamics and the diffusion coefficients
was omitted. Nevertheless, compositionally induced stress
values of several GPa can result for interstitial systems, as
shown for nitrogen and carbon in expanded austenite. Fu-
ture research should focus on the role of stress on diffusion.
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