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The solubility of nitrogen in austenitic stainless steel was investigated thermogravimetrically by equi-
librating thin foils of AISI 304 and AISI 316 in ammonia/hydrogen gas mixtures. Controlled disso-
lution of colossal amounts of nitrogen under metastable equilibrium conditions was realized, with
nitrogen contents as high as corresponding to an occupancy of yN � 0.61 of the interstitial sublat-
tice, i.e., about 38 at. pct N. Associated with the dissolution of these unprecedented nitrogen con-
tents in an austenitic matrix a reversible volume expansion of the austenite lattice occurred for yN �
0.17. A simplistic model based on a statistical distribution of the nitride forming elements over the
octahedrons constituting the solid state agrees favorably with the experimental data.

I. INTRODUCTION

TRADITIONALLY, gaseous nitriding of stainless steel
has been considered bad practice or, at best, a compromise,
because improving the wear resistance invariably impairs the
corrosion resistance. Conventional (gaseous) nitriding is car-
ried out at temperatures above 773 K (500 °C) and chromium
reacts rapidly with nitrogen to form stable chromium nitrides
(CrN). Accordingly, chromium is withdrawn from solid solu-
tion and the ability for developing the (self-repairing) oxyhy-
droxide-based passive film at the surface, on which the superior
corrosion resistance of stainless steel is based, is lost.[1]

Since the discovery in the mid-1980s of apparent super-
saturation with nitrogen of (austenitic) stainless steel achieved
by plasma nitriding,[2,3] expanded austenite (also called S
phase) has received much interest.[4–11] Only very recently,
expanded austenite was synthesized with uniform composi-
tion and unambiguously identified as a faulted fcc phase;[12]

therefore, in the present work, the designation S phase is aban-
doned and replaced by expanded austenite, �X, with X � N,
C, depending on N or C as the lattice expanding interstitially
dissolved element. A thermodynamic description of expanded
austenite has so far not been addressed, due to the lack of
data that relate the chemical potential of nitrogen to the nitro-
gen content. Undoubtedly, this is caused by ill-defined ther-
modynamics of plasma-based processes for surface engineering
as hitherto applied to synthesize expanded austenite.

The increasing interest in low-temperature surface engi-
neering of stainless steel by nitriding and carburizing relates
to the technical significance of the favorable properties asso-
ciated with �X; the wear resistance is enhanced by several
orders of magnitude, without impairing, or even improv-
ing, the corrosion resistance. The passive film poses a major
hindrance for gaseous nitriding of stainless steel at low tem-

perature, because it acts as a barrier for the transfer of nitro-
gen and carbon from an adsorbed state (at the surface) to a
dissolved state (in the solid). Plasma-based nitriding involves
a removal of the passive layer and prevention of its rede-
velopment, by simultaneous sputter bombardment of the
surface during nitriding. A recently patented method[13] com-
bines an activation of the stainless steel surface by removal
of the passive layer and preventing its redevelopment during
subsequent gaseous nitriding in an ammonia-based nitriding
gas by a thin Ni layer. Simultaneously the dissociation kinet-
ics of ammonia at the surface is enhanced. A similar method
has been applied for gaseous nitriding of pure iron and the
formation of pore-free iron nitrides at low temperature.[14]

In the present work, the objective is to prevent the devel-
opment of nitrides and to obtain a controlled dissolution of
nitrogen in solid solution.

Various solubilities have been reported for nitrogen in
expanded austenite,[4,15–18] but these values are related only
to the operating parameters of the plasma/physical vapor
deposition (PVD)-based experimental setup and have no gen-
eral thermodynamic significance. Both Dearnley et al.[17] and
Shedden et al.[18] synthesized nitrogen containing stainless
steel coatings by magnetron sputtering of AISI 316[17] or AISI
316 L[18] with a range of nitrogen contents controlled by the
partial pressure of N2

[17] or the flow rate of N2 gas.[18] Dearn-
ley et al.[17] determined the composition range for nitrogen-
expanded austenite to 8.6 � [N] � 48 N/100 Me by nuclear
reaction analysis, i.e., the range where an fcc structure was
obtained. For lower nitrogen concentration, the deposited
coatings had a bcc structure and for higher nitrogen con-
centrations unidentifiable second phases (nitrides) were pre-
sent.[17] Shedden et al.[18] found a maximum nitrogen content
in the deposited stainless steel coatings to be approximately
40 at. pct N by (standardless semiquantitative) energy-dis-
persive spectrometry (EDS). In addition to obviously ill-
defined thermodynamics, magnetron sputtering of nitrogen
stainless steel coatings entails formation of a new material
due to the inherent nature of the sputtering deposition process,
i.e., the atomic constituents are vaporized and deposited onto
a substrate, with the implication of altered composition.

As compared to plasma nitriding, gaseous nitriding has
the major advantage that the chemical potential of nitrogen
in the gas phase can be controlled by adjusting the so-called
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nitriding potential with fj the fugacity of com-
ponent j, which usually can be replaced by the partial pres-
sure pj. Provided that thermodynamic equilibrium exists
between gas and solid state, the nitriding potential is directly
proportional to the nitrogen activity, aN, in the solid state,[19]

through aN � KT � KN, with KT being the temperature-
dependent equilibrium constant of the dissolution reaction

where [N]� indicates nitrogen dissolved
in austenite.

In the present article, the solubility for nitrogen in
austenitic stainless steel and the composition dependence of
the lattice parameter of homogeneous �N are investigated
by equilibrating thin foils at various nitriding potentials. A
simplified picture of the distribution of nitrogen over the
octahedral sites in the fcc lattice and an estimation of the
maximum lattice solubility for nitrogen are given.

II. EXPERIMENTAL

A. Sample Preparation

Thin foils of stainless steel AISI 304 and AISI 316, with
thickness 5 and 7.5 �m, respectively, were used for nitriding.
The major difference in composition between the materials
(Table I) is the presence of Mo in AISI 316, accompanied
by a slight reduction of the Cr content and an enhanced Ni
content to compensate for the ferrite stabilizing effect inher-
ent to the addition of Mo.

For recrystallization and transformation of deformation-
induced martensite, the (cold-rolled) thin foils were austen-
itized by heating to 1343 K at a heating rate of 1/3 K/s.
Upon reaching this temperature, the samples were immedi-
ately cooled in pure H2. After heat treatment, the foils were
pretreated to allow nitriding in an ammonia nitrogen atmos-
phere.[13] This pretreatment involves chemical stripping of
the passive film, followed by electrochemical deposition of
Ni in a Wood’s nickel bath (NiCl2 � NiSO4 � H2SO4). The
maximum thickness of the deposited layer was 20 nm, as
calculated from Faraday’s law and assuming an efficiency
of 3 pct during electrodeposition.*

*This value is an upper estimate of empirically realized efficiencies; the
remaining 97 pct of the current is used for H2 development.

The purpose of the thin electrodeposited nickel layer is
twofold: preventing the repassivation of the stainless steel
surface during handling and catalyzing the dissociation of
ammonia at the surface. Although the dissolution of nitro-
gen in the nickel layer is negligibly small, transport of N
atoms through the Ni layer is determined by the chemical
potential difference over this layer, which can be very large.
For the present experiments (absorption isotherms), the rate
of nitrogen transfer to the sample through the Ni layer was
not found to play an important role.

NH3 3 [N]g � 3/2H2

KN � fNH3 > fH2 

3 /2 B. Thermogravimetric Control of Gaseous Nitriding 
and Denitriding

Gaseous nitriding was performed in a Netzsch STA 449C
(Netzsch Gerätebau GmbH, Germany) simultaneous ther-
mal analyzer, which allows simultaneous thermogravimet-
ric analysis and differential thermal analysis. The following
procedure was followed for controlling the nitrogen con-
tent in the stainless steel samples. Several pretreated (Ni-
sheathed) foils with a total mass of typically 30 to 40 mg
were supported in the sample containers (crucibles) of the
apparatus. The total sample mass was limited to this value
on account of the size of the sample containers.

The Ni deposit contributes to maximally 0.8 pct of the
total mass for the foil with thickness 5 �m and proportion-
ately less for the foil with thickness 7.5 �m; as mentioned
previously, the solubility of nitrogen in Ni is negligibly small.
A correction for the presence of the Ni deposit, which would
imply higher nitrogen contents in austenite, is insignificant
and was therefore omitted.

The gases led into the thermal analyzer were controlled
by Brooks electronic mass flow controllers each capable of
a maximum flow of 5/6 mL/s. The minimum controllable
flow for each gas was 1/60 mL/s. The total flow of NH3 and
H2 was within the range 5/6 to 5/3 mL/s. The flow of N2

was kept constant for all experiments at 1/12 mL/s. The
purity of NH3, H2, and N2 was 99.9, 99.9, and 99.9999 pct,
respectively.

The samples were heated to the nitriding temperature in
pure ammonia and nitrogen**—reaching the nitriding tem-

**For protecting the balance chamber from ammonia, high-purity
nitrogen was led through the measurement compartment and thereafter
the nitriding compartment.

perature within 2400 seconds. Two nitriding temperatures
were chosen, in accordance with the difference in thermal
stability of the formed expanded austenite in the two mate-
rials; i.e., a higher temperature is allowed in AISI 316.[20]

Both materials were nitrided at 693 K for direct compari-
son; AISI 316 was also nitrided at 718 K. Nitriding was
continued until the mass increase associated with nitrogen
uptake in the sample was stationary, indicating saturation
of the sample. The nitrogen content obtained under these
conditions is the maximum solubility, provided that the dis-
solution of N in �N is not competing with the development
of N2 at the surface.[19] After saturation, the gas composition
was changed to a mixture of ammonia and hydrogen in
order to adjust the nitrogen content. Consequently, the foil
looses nitrogen by the development of ammonia at the
sample surface until a new stationary sample weight is
reached. In order to correct for the influence of buoyancy
effects on the quantification of the recorded weight changes,
an identical temperature-time-gas composition program was
run with empty crucibles. The thus obtained baseline was
subtracted from the recorded weight change curve of the
sample.

The relation between nitriding potential and the stationary
nitrogen content in the sample at a specific temperature, a
so-called absorption isotherm, was determined by reducing
the nitriding potential in steps down to KN � 0. In each step,
a stationary sample weight was reached before the next,
lower nitriding potential was adjusted.

Table I. Compositions of the Applied Stainless Steel Alloys
in Atomic Percent

Alloy Cr Ni Mo Mn Si Fe

AISI 304 19.60 8.68 0 1.66 1.26 68.80
AISI 316 19.11 12.70 1.40 1.74 1.45 63.60
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C. X-ray Diffraction

For determination of the lattice parameter of uniform �N,
foils with thermogravimetrically controlled nitrogen con-
tent, the nitrided foils were powdered with ultra-sound while
submerged in ethanol. Mechanical preparation of the powders
from fully nitrided foils was prevented since introductory
experiments had shown that this leads to a deformation-
induced (partial) transformation of �N to martensite. The
powder-ethanol slurry was smeared on a glass plate and,
after evaporation of ethanol, analyzed with a Bruker AXS
(Bruker AXS GmbH, Germany) D8 X-ray diffractometer,
equipped with a Co anode and a set of Göbel mirrors in
the incident beam. Positions of the Bragg peaks in the X-
ray diffraction patterns were obtained from fitting a pseudo-
Voigt peak shape function through the measured intensities
forming the peak. In the fitting procedure corrections for
K	2

, Lorentz polarization and absorption factors were
included. Since expanded austenite has a faulted fcc struc-
ture, the peak shifts associated with the presence of stack-
ing faults were accounted for during data evaluation.[12]

III. RESULTS AND INTERPRETATION

A. Nitrogen Solubility in Austenitic Stainless Steel

The nitrogen solubilities corresponding to stationary
sample weights for AISI 304 and AISI 316 are presented
in Figure 1 as the occupancy yN, i.e., the fraction of the
interstitial sublattice occupied by nitrogen atoms,* as a 

*Nitrogen containing Fe-based phases can be conceived as constituted
of a substitutional sublattice on which the metal atoms reside and an inter-
stitial sublattice formed by the octahedral interstices of the substitutional
sublattice. For an fcc lattice, the substitutional and interstitial sublattices
are both fcc and have the same number of sites.

function of the nitrogen activity, aN, that would apply for
(imposed) equilibrium between gas and solid state. Clearly,
a linear relation applies between yN and ln aN for nitrogen

activities ranging from ln aN � 3 to ln aN � 10. For nitrogen
activities lower than aN � e3, a stronger dependence of yN

on ln aN applies. Upon reduction of uniformly nitrided sam-
ples in pure hydrogen, not all nitrogen atoms can be withdraw
from solid solution in stainless steel. The minimum nitrogen
contents attainable in AISI 304 and AISI 316 are indicated
in Table II and by the horizontal lines denoted by aN � 0
in Figure 1. Upon nitriding in pure ammonia, the maxi-
mum nitrogen contents attainable are indicated in Table II
and by the horizontal lines denoted by aN � 
 in Figure 1.
The data in Figure 1 demonstrate convincingly that colos-
sal quantities of nitrogen can be dissolved reproducibly by
imposing a nitrogen activity adjusted through the nitriding
potential, KN, of the gas mixture and the temperature of
the sample.

The minimum occupancies of the interstitial lattice after
reduction in pure hydrogen are close to, but significantly
lower than, the chromium content of the sample (columns
indicated N:Cr in Table II). Evidently, the binding of nitro-
gen atoms in the sample up to the quantities denoted by
aN � 0 is stronger than in NH3 molecules forming at the
surface during reduction in hydrogen. It is emphasized that
the present nitrogen solubilities for low nitrogen activities
were obtained through stepwise denitriding of fully nitrided
samples and will therefore deviate from the solubilities that
may be obtained upon equilibrating austenitic steels foils
immediately in an atmosphere containing a low aN. Equi-
librating the samples in an atmosphere corresponding with
aN � 
 implies exceeding of the solubility limit of nitro-
gen (nitrogen is trapped by Cr). It is anticipated that
reversible nitrogen dissolution is obtained if nitriding is
carried out at low aN where the solubility limit is not
exceeded. Such experiments were not performed in the
present work.

Recognizing that, of the elements present in the sample,
chromium has the largest affinity for nitrogen, the lowest
attainable nitrogen occupancy would be expected to equal
the content corresponding to a nitrogen-to-chromium ratio
N:Cr � 1:1. Since roughly speaking every sixth metal atom
in the fcc lattice is a Cr atom, on average, each octahedral
interstice has a Cr atom as nearest neighbor. Evidently, nitro-
gen atoms in excess of Cr:N � 1:1 are less tightly bound
than nitrogen atoms for quantities up to this stoichiometry.
The solubility of nitrogen within the range of nitriding
activities depicted in Figure 1 appears to be subdivided in
two regions, as suggested by different slopes (indicated to
guide the eye). The slight discrepancy observed at low

Fig. 1—Nitrogen solubility in expanded austenite, �N, as a function of nitro-
gen activity, aN, applied for nitriding AISI 316 at 693 and 718 K and for
nitriding AISI 304 at 693 K. Straight lines through the data are indicated
to guide the eye. The solubility levels for the nitrogen activities nil and
infinity are indicated by horizontal bars.

Table II. Nitrogen Solubilities in Expanded Austenite, yN,
Obtained on Gaseous Nitriding of AISI 304 and AISI 316 at

Temperature, T, Nitrogen Activity, aN, Indicated*

yN N:Cr N:Cr � Mo

AISI T[K] aN � 0 aN � 
 aN � 0 aN � 
 aN � 0 aN � 


304 693 0.162 0.616 0.826 3.14 — —
316 693 0.170 0.615 0.891 3.22 0.831 3.00
316 718 0.177 0.610 0.926 3.19 0.863 2.97

*aN � 0 refers to fully nitrided and subsequently H2-reduced samples.
Nitrogen solubilities are also given as the ratios in relation to the atomic
fractions of nitride forming elements Cr and Cr � Mo in the steels (cf.
Table I).
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occupancies/activities is ascribed to experimental difficulties
with the withdrawal of nitrogen at 693 K for AISI 316.*

*Equilibrating AISI 316 at 693 K at low nitriding potentials was slug-
gish compared to 718 K. Equilibrating AISI 304 at 693 K proved easier
as the thickness of this material was only 5 �m compared to 7.5 �m for
AISI 316. By extrapolating the thermogravimetric weight curve—assum-
ing that the nitrogen retraction is diffusion controlled—an estimate for the
error can be calculated: in the low nitriding potential range for AISI 316
at 693 K, a maximum error of yN � � 0.005 may occur. Hence, the occu-
pancy could be slightly overestimated in the low nitrogen potential range
for AISI 316 at 693 K.

These distinct regions could imply that nitrogen atoms resid-
ing in the octahedral interstices experience different chem-
ical environments. Presuming that Ni in stainless steel has
a negligible effect on the dissolution of nitrogen, the pres-
ence of Mo is the only major difference between AISI 304
and AISI 316. Apparently, Mo does not influence the lat-
tice solubility markedly for nitrogen activities up to e10.
Molybdenum plays a dominant role with regard to the nitrid-
ing behavior of austenitic stainless steel; in particular, it
enhances the temperature stability of �N.[20] The influence
of Mo is only apparent when N:Cr is considered at aN � 0
and aN � 
; it compensates for the reduced Cr content and
maintains the same N content in the alloy. A possible influ-
ence of Si and Mn cannot be discerned because the con-
centrations of these elements are relatively low. Furthermore,
as mentioned previously, the concentrations of Mn and Si
do not vary much in the investigated steels, which hinder
elucidation of any trends.

B. Lattice Parameter of Expanded Austenite

The lattice parameter, a, of �N is presented as a function
of the occupancy of the interstitial sublattice, yN, in Figure 2.
Evidently, for nitrogen occupancies higher than the minimum
solubility close to N:Cr � 1:1, a linear relation holds between
the lattice parameter, a, and yN (Figure 2). The data suggest
that the lattice expansion per nitrogen atom in the composi-
tion range up to this solubility is even more pronounced,
but, for obvious reasons, no data were obtained in this regime.
Literature data for nitrogen dissolved in Fe-austenite are
depicted for nitrogen contents up to yN � 0.095, which
corroborates that a more pronounced lattice expansion per

nitrogen atom exists in this regime (Figure 2).[21] As pointed
out in Reference 12, dissolution of high quantities of nitro-
gen in �N is accompanied by the introduction of stacking faults
in the fcc lattice. On determining the lattice parameter from
the X-ray diffractograms, the stacking fault probability was
incorporated into the fit procedure in order to take systematic
deviations from the perfect fcc Bragg position into account.
The experimentally observed deviation from the Bragg posi-
tion, �2�exp, is compared with the calculated value, �2�calc.
The excellent correspondence of the data with a line of slope �
1 (the dashed line in Figure 3) provides additional evidence
for the faulted fcc structure of expanded austenite. No
systematic dependence of the stacking fault probability, 	, on
the nitrogen content was found: 	 ranged from 0.01 to 0.04.
A lack of such a relation is attributed to stacking fault pro-
duction during nitriding; in an early stage of the nitriding
process, compositional gradients and concomitant stress
gradients arise in the thin foil and stress relaxation by pro-
duction of stacking faults is expected to occur. Initially, the
thin foils are saturated at an infinite nitriding potential before
lowering the nitriding potential. During denitriding to the
nitrogen concentration mentioned, compositional gradients
(and thus stress gradients) arise again. Hence, the observed
stacking fault probability does not necessarily reflect the “equi-
librium” value for the adjusted nitrogen concentration, but is
largely determined by the (stress) history of the sample.

IV. DISCUSSION

A. Lattice Solubility

Generally, the stationary nitrogen content in iron-based
phases obtained in ammonia/hydrogen mixtures reflects a
stationary state rather than a state of thermodynamic equi-
librium,[19] because the dissolution of nitrogen in the solid
state competes with the development of molecular nitro-
gen at the surface (which is preferred thermodynamically).
In the present work, the stationary nitrogen contents
achieved during the nitriding and denitriding experiments
can be conceived as a metastable equilibrium state, rather

Fig. 2—Lattice parameter of homogenous expanded austenite synthesized
by gaseous nitriding of AISI 316 at 718 K at various nitrogen activities. Fig. 3—Plots of experimental, �2�exp, vs calculated, �2�exp, peak shifts for

homogeneous expanded austenite obtained by gaseous nitriding of AISI
316 at 718 K and various nitrogen activities. The dashed line has slope 1
and is not a linear fit to the data.
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than a stationary state, because the development of molec-
ular nitrogen can be neglected at the nitriding temperature.
This was verified by heating saturated expanded austenite
powder (at aN � 
) in an atmosphere of N2 in order to
investigate its stability: the development of N2 did not occur
for temperatures below 773 K.[20] However, austenite with
a high nitrogen content is metastable with respect to CrN,
ferrite, or austenite and tends to decompose (Figure 4).
Effectively, for the process times usually applied for nitrid-
ing, the development of CrN from metastable expanded
austenite is hindered at temperatures below, say, 723 K.
This was verified by X-ray diffraction analysis and by
thermal analysis of nitrogen equilibrated thin foil (cf.
Reference 20). Presumably, this slow kinetics can be attrib-
uted to the limited mobility of substitutional alloying
elements at low temperatures, as compared to the mobility
of interstitial elements.

Evidently the colossal nitrogen contents in as-nitrided
stainless steel are beyond the solubilities that can be expected,
taking into account the possible nitrides that can develop (of
which CrN will dominate) and the equilibrium lattice solu-
bility of nitrogen in austenite (as extrapolated from data at
much higher temperatures than applied in the present inves-
tigation). The solubility of nitrogen in an iron-based matrix
has frequently been observed to exceed the solubility cal-
culated from the lattice solubility and the nitrogen involved
in the development of stoichiometric nitrides dispersed in
the matrix, so-called excess nitrogen (for an overview, see
Reference 22). An explanation for the occurrence of excess
nitrogen in ferritic alloys relies on the presence of nitrogen
at the interface between dispersed nitrides and the matrix
and on enhanced matrix solubility due to a dilatation of the
matrix caused by coherency strains of the misfitting nitrides.
An analogous explanation for the colossal nitrogen solubil-
ities observed in expanded austenite cannot apply, because
no nitrides are present. Furthermore, excess nitrogen con-
tents as high as N:M � 3:1 have so far only been reported
for low temperature (673 K) nitriding of ferritic Fe-Ti alloys
containing 2 at. pct Ti,[23] where the total occupancy of the
interstitial sublattice of octahedral interstices is 6 N atoms
per 100 metal atoms (corresponding with an occupancy of

yN � 0.02 of the octahedral positions in the bcc lattice). For
higher nitriding temperatures, this nitrogen solubility could
no longer be attained in Fe-Ti alloys. The present maximum
solubilities in austenitic stainless steel are 10 times as high
(about 60 N atoms per 100 metal atoms) and unprecedented
for a gaseously nitrided material under imposed (metastable)
equilibrium conditions.

On comparing the homogeneity range for nitrogen solu-
bility in stainless steel with the results given in Reference
17 (8.6  [N]  48 N/100 Me, which corresponds to 0.086
 yN  0.48), a different range is obtained in the present
work. This can be directly ascribed to the method of mag-
netron sputtering as applied in Reference 17, where the fcc
structure seemingly is stable only in a certain concentration
range (as stated previously). Lower and higher nitrogen con-
tents are associated with the formation of a bcc structure
and second phases, respectively. In Reference 18, a maxi-
mum nitrogen content of approximately 40 at. pct N was
found, although crystallographic determination was not pos-
sible with X-ray diffraction analysis. Hence, comparison to
the maximum solubility found in this work (38 at. pct) is
futile due to a lack of verification of the formed structure.
As mentioned earlier, magnetron sputtering as a method
for synthesizing nitrogen containing stainless steel (expanded
austenite) is flawed by, in particular, ill-defined thermody-
namics, but also by the material’s dissimilarity to heat-treated
stainless steel. The distribution of (substitutional) atoms is
a consequence of the heat-treatment history, e.g., austeniti-
zation; magnetron-sputtered coatings may be different in this
way, as the distribution of (substitutional) atoms is governed
by impingement.

B. Modeling of Lattice Solubility

Formal models for nitrogen solubility were applied unsuc-
cessfully. In order to obtain a reasonable description of the
data by the Redlich–Kister formalism,[24] five fit parameters
were required, which makes the description physically mean-
ingless. Neither did the Wagner–McLellan cell model[25]

with four fit parameters provide an accurate, physically mean-
ingful description. The distribution of nitrogen atoms in the
austenitic Fe-Ni-Cr-(Mo) alloys AISI 304 and AISI 316 is
most likely governed by the distribution of the nitride form-
ing elements. It is evident from the solubility plot in Figure
1 that several distinct regions are present, which further sub-
stantiates that different octahedral interstices are occupied
in different nitrogen activity regimes. As a zeroth order
approximation, it is assumed that the substitutional alloy-
ing elements are randomly distributed over the available lat-
tice sites. This appears to be a reasonable assumption,
particularly when it is taken into account that the samples
were austenitized prior to nitriding. Recognizing that the
number of lattice sites of the fcc host lattice equals the num-
ber of octahedral sites for nitrogen atoms, the probability,
P(n), that an octahedron contains n (n � 0. .6) Cr atoms is
calculated from

[1]

where yCr is the atomic fraction of Cr atoms. Straightfor-
ward extension of Eq. [1] gives the probability P(n,m), that

P(n) � a6nb # yCr
n # (1 � yCr)

6�n

Fig. 4—Equilibrium diagram showing the thermodynamically stable phases
as a function of temperature for AISI 304L and AISI 316L with a nitrogen
content equivalent to the chromium content (ThermoCalc). The calcula-
tions were performed considering only fcc and bcc phases.
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Table III. Probabilities P(n) and P(n,m) for Octahedron
Configurations Containing n Cr Atoms and m Mo Atoms

P(n) P(n,0) P(n,1) P(n,2)

n 304 316 316 316 316

0 0.273 0.284 0.256 0.026 0.001
1 0.396 0.398 0.359 0.037 0.002
2 0.239 0.232 0.210 0.022 0.001
3 0.077 0.072 0.065 0.007 0.000
4 0.014 0.013 0.011 0.001 0.000
5 0.001 0.001 0.001 0.000 —
6 0.000 0.000 0.000 — —

an octahedron contains n Cr atoms and m (m � 0. .6 � n)
Mo atoms:

[2]

where yMo is the atomic fraction of Mo atoms. The proba-
bilities P(n) and P(n,m) with n � 0. .6 and m � 0. .2 were
calculated for the composition of AISI 304 and AISI 316
(Table I), respectively, and are given in Table III.

The Cr-N interaction is relatively strong, though it is not
a genuine chemical bond as in the nitride compound CrN.
Due to the interaction between Cr and N, the nitrogen trap-
ping ability of an octahedral interstice should increase when
the fraction of Cr atoms (or other strong nitride formers)
dissolved on the contiguous substitutional lattice is increased.
However, the larger size of Cr and especially Mo com-
pared to Fe decreases the available space for the intersti-
tially dissolved N. Consequently, the presence of Cr atoms
in the octahedron clusters will increase the probability (affin-
ity) for nitrogen to reside in the pertaining octahedral inter-
stices in terms of (semi) bonding, but the size/strain factor
will counteract this phenomenon. Thus, it is highly likely
that an intermediate situation occurs in terms of effective
nitrogen affinity, due to the opposing effects of the (semi)
bonding term and the size/strain term. Consequently, dif-
ferent energy levels of nitrogen bonding should prevail as a
function of the nitriding potential.

In the present case, it is not considered likely that octahedron
clusters with n � 0 Cr atoms are occupied with nitrogen
atoms.

The calculated probabilities in Table III can be compared
with values for the minimum and maximum lattice solubil-
ities indicated by aN � 0 and aN � 
, respectively (Table II).
For AISI 304, a good correspondence occurs for P(1) �
P(2) � 0.635 with yN � 0.616. The probability P(1) � 0.396
could be associated with the onset of linearity between yN

and ln aN. However, a limited number of data points (as
compared to AISI 316) makes it difficult to ascertain this.
For AISI 316, a striking agreement is found for P(1,0) �
0.359 and yN � 0.36, where the linearity between yN and ln
aN begins. This may indicate that the octahedrons contain-
ing only 1 Cr atom as a nitride former are effectively occu-
pied at this nitrogen content. Summing the probabilities
P(1,0), P(2,0), and P(1,1) gives 0.606, which agrees favor-
ably with the maximum solubility in AISI 316 of yN � 0.610.
Then, it appears likely that octahedrons containing 2 Cr

P(n,m) � a6
nb � yCr

n � a m
6 � n

b � yMo
n�m(1 � yCr � yMo)

6�n�m

atoms are occupied immediately after filling of those con-
taining only 1 Cr atom. According to this scheme, another
change of slope would be expected at yN � 0.569 for AISI
316. No conclusive data exist to verify this. Decreasing order
of probability for finding a particular octahedron with nitride
forming elements shows that P(1,0) � P(2,0) � P(3,0) �
P(1,1). A filling of the corresponding octahedral interstices
in the order P(1,0), P(2,0), P(1,1) would be consistent with
the importance of a size effect of the alloying elements Cr
and Mo. Evidently, octahedral interstices having more than
two nitride-forming elements as nearest neighbors are prefer-
ably not occupied by nitrogen atoms.

The maximum solubility observed in AISI 304 or AISI
316 is governed by two main factors: (1) the energy release
associated with the chemical reaction(s) occurring at the sur-
face, and the subsequent interstitial dissolution of N in the
lattice, and (2) the strain energy contribution caused by a
dilation of the metal matrix by misfitting nitrogen atoms.
The balance between total energy release and energy increase
in strain energy depends on the immediate surroundings of
the octahedral interstice in which a nitrogen atom is located.
Effectively, the maximum capacity for dissolved nitrogen
atoms in a sample can be considered the outcome of these
antagonistic energy contributions.

It should be recognized that the preceding interpretation
is not rigorous and that for occupancies of the interstitial sub-
lattice the influence of next-nearest neighbors has to be taken
into account. Likewise, the role of Ni, Si, and Mn atoms in
the octahedrons is anticipated to play an important role.

C. Lattice Expansion

The relationship between lattice parameter and nitrogen
concentration was in this work found to be linear within the
homogeneity range of nitrogen-expanded austenite. For
comparison, the lattice parameter of ��-Fe4N is given. This
compound has an fcc lattice of Fe atoms and the N atoms
are distributed according to strict long-range order over the
octahedral interstices, i.e., one per fcc unit cell. Evidently,
the lattice parameter of �� nitride is in very good agreement
with the dependency found for �N. This suggests that the lat-
tice parameter of iron-based phases with a high content of
nitrogen is largely governed by the misfitting of nitrogen
atoms in the octahedral interstices. In Reference 17, a rela-
tionship for the lattice parameter as a function of composition
within the range 0.086  yN  0.48 was found as a �
0.3585 � 0.00075 [N] nm, which deviates considerably from
the lattice dilation determined in the present work. This dis-
crepancy can partly be ascribed to sample preparation by
magnetron sputtering in a nitrogen gas atmosphere, which
suffers from ill-defined thermodynamics for nitrogen solu-
bility and elemental distribution during coating deposition.
In this respect, the limited range associated with formation
of an fcc structure (i.e., expanded austenite) demonstrates the
unsuitability for applying such a process for determination
of the lattice parameter as a function of composition in stain-
less steel. Moreover, determining the lattice spacing with
X-ray diffraction methods for a coating on a substrate is
significantly influenced by residual stress in the coating.
For such high nitrogen contents (up to 40 at. pct), the con-
tribution of stresses on the measured lattice parameter can
be significant. Additionally, stacking faults, inherent to
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(a)

(b)

Fig. 5—Reflected light micrographs of cross sections of nitrided AISI 316.
Nitriding temperature and time were 718 K and 22 h, respectively, for both
samples. The nitriding potentials were (a) (ln aN � 5.78)
and (b) KN � 
 (ln aN � 
). The cross sections were etched in a mixture
of 50 vol pct HCl, 25 vol pct HNO3, and 25 vol pct H2O.

KN � 2.49 bar�1>2

expanded austenite, will also give rise to a systematic lat-
tice parameter deviancy, if not corrected for (in Reference
17, such a correction was indeed omitted). A similar argu-
ment applies for the discrepancy between the present lattice
dilation and the relation given by Shedden et al.[18] In addi-
tion, the semiquantitative character of the (EDS determined)
nitrogen contents and application of the crystallite-group
method for lattice parameter determination—which, erro-
neously, presumes elastic isotropy for austenite—from two
lattice spacings contribute to this discrepancy.

D. Practical Implications of Dissolution of Nitrogen in
Stainless Steel

The experimental results presented in this article for
homogeneous thin foils show the thermodynamically feasi-
ble nitrogen contents for equilibrium between a gas mixture
of controlled composition and the nitrogen content in solid
solution in austenitic stainless steel. In this sense, the results
show that the nitrogen content can be accurately adjusted by
controlling the activity of nitrogen of the gas mixture. Trans-
ferring the present results to practice, where generally only
the surface of stainless steel will be treated, is not straight-
forward. Reflected light micrographs of cross sections of
nitrided AISI 316 bulk samples are shown in Figure 5 for
two different nitriding potentials (the caption for Figure 5
provides details).

Clearly, the nitrided zone has a seemingly sharp interface
with the substrate, suggesting separate phases in layer and
substrate. However, X-ray diffraction analysis of these sam-
ples (not shown here) only shows the occurrence of expanded
austenite, albeit with asymmetric line profiles owing to a
depth gradient of the nitrogen content. Microstructural fea-
tures as grain and twin boundaries extend from the bulk into
the layer, suggesting that the layer indeed consists of the
same host lattice. It is anticipated, and preliminary results
of modeling actual nitrogen concentration-depth profiles con-
firm,[26] that the “interface” marks the nitrogen concentra-
tion above which a strong bonding between Cr and N atoms
occurs (i.e., nitrogen that cannot be removed by a reduc-
tion in streaming hydrogen; Section III–A). One could expect
that for nitriding thick samples, the thermodynamic equi-
librium situation as obtained for the thin foils is, at best,
only achieved at the surface. A direct comparison between
equilibrium nitrogen contents at the surface of the bulk and
in equilibrated homogeneous thin foil samples is not allowed.
The following two conditions illustrate why such a com-
parison is invalid. In bulk samples, high compositionally
induced compressive stress values are anticipated to have
an influence on the actual equilibrium lattice solubility,
i.e., the thermodynamics of stressed solids should be taken
into account.[27] For a particular nitrogen activity, both the
competition between ammonia dissociation and solid-state
diffusion as well as the large compositionally induced com-
pressive stresses lead to lower nitrogen contents for the sur-
face of bulk samples as compared to stress-free thin foils
of uniform composition.

The concentration of adsorbed nitrogen atoms, which is
anticipated to be in equilibrium with the composition of
the surface of the bulk substrate, is determined by the com-
petition of nitrogen atoms arriving at the surface as a con-
sequence of the dissociation of ammonia and nitrogen atoms

diffusing into the interior of the sample. As was shown for
ferritic surfaces, the dissociation reaction of ammonia is rel-
atively slow[19,28] and indeed competes with the inward dif-
fusion of nitrogen atoms. No such data are available for the
present case.

The technological importance of thermochemically treated
strainless steel is surface hardening without impairing the
corrosion properties. Since the actual hardening is associ-
ated with an interstitial solid solution of nitrogen (carbon)
in an austenitic lattice, the main strengthening mechanism
is expected to be solid solution strengthening. Hardness depth
profiles in nitrided bulk samples reflect a relatively sharp
drop in hardness at the transition from expanded austenite
to un-nitrided austenite together with a plateau in the near-
surface region. Hardness values in excess of more than 1500
HV (as compared to a bulk hardness of 250 HV) are not
uncommon for high nitrogen contents.[29]

The significance of controlling the nitrogen content in
expanded austenite layers by adjusting the gas composition
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is obvious from Figure 5. Excessively high nitrogen con-
tents can induce cracking of the expanded austenite layer
(Figure 5(b)). An X-ray diffraction–based determination of
lattice strains by the so-called sin2 � method indicates that
these stresses can amount to �7 to �8 GPa’s and that crack-
ing is indeed associated with stress relaxation.[30]

V. CONCLUSIONS

Controlled dissolution of colossal quantities of nitrogen
in stainless steel is possible by applying gaseous nitriding.
The process of gaseous nitriding enables control of the
nitrogen activity because nitriding is carried out in a
controlled atmosphere of NH3/H2. Nitrogen solubility plots
were obtained for both AISI 304 and AISI 316 for the
full range of possible nitrogen activities. The homogene-
ity range of expanded austenite spans from an interstitial
occupancy of yN � 0.177 to yN � 0.610 for AISI 316 at
718 K. A similar range was obtained for AISI 304 and
AISI 316 at 693 K. A simplistic model based on a statis-
tical distribution of the nitride forming atoms is in
conformity with the experimental data. The lattice param-
eter of expanded austenite was determined and proved to
be a linear function of nitrogen concentration within the
homogeneity range.
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