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Abstract

This paper aims at clarifying, by means of an integrated experimental and theoretical approach, the properties of the interaction
between interstitial nitrogen (N) and irradiation generated lattice defects in α-Fe. For this purpose, N-doped and pure Fe specimens
were irradiated at low temperature by high energy protons. The evolution of radiation defects and their interaction with N was
monitored by electrical resistivity measurements during post-irradiation annealing. In parallel, density functional theory (DFT)
was employed to study the properties of N solutes, vacancies and their mutual interaction in the Fe matrix. The DFT results
were confronted to the experiment via kinetic rate theory modelling, employed to quantitatively simulate the measured resistivity
evolution. One of the most important results is the experimental validation of the theoretically predicted strong binding energy
of vacancy-N complexes, which reconciles previous discrepancies. Furthermore, a quantitative interpretation is provided of how
irradiation competes with nitride precipitation.
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1. Introduction

Nitrogen (N) along with carbon (C) are the most common
foreign interstitial atoms (FIAs) in iron (Fe) and have a strong
impact on the microstructure, mechanical properties and per-
formance of steel [1]. When their concentration exceeds the
solubility limits, they tend to precipitate into nitrides and car-
bides, respectively, altering the macroscopic properties such as
the strength and hardness. Under irradiation, the interaction
of intrinsic lattice defects with FIAs has a significant impact on
the damage and recovery processes in Fe and ferritic steels. De-
fects can form stable clusters with FIAs and thus interfere with
precipitation reactions and phase stability. These effects have
been studied experimentally by a number of workers [2–12].
More recently there have been also significant efforts to under-
stand the defect-FIA interactions theoretically [13–19], within
the general aim to predict the life time of irradiated materials in
nuclear energy systems by means of modelling and simulation
[20, 21]. However, despite considerable effort, the mechanism
of these interactions, especially for N, is not yet fully under-
stood.

The trapping of mobile N solute atoms by radiation defects
at temperatures between 295 and 315 K has been observed by
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magnetic disaccommodation [5], internal friction [7] and mag-
netic after effect (MAE) [11] measurements in electron and neu-
tron irradiated, dilute Fe-N alloys. Most authors assumed that
the trapping was due to lattice vacancies (V) [7, 11], which they
regarded as immobile at these temperatures; however, self inter-
stitial atom (SIA) clusters were also considered as trapping cen-
ters [5]. The release of N back into the matrix was observed at
temperatures between 420 and 500 K with an activation energy,
Qd, between 0.85 and 1.4 eV [7, 11]. Since N was believed to be
the most mobile constituent of the N-V clusters, the N migration
barrier, in the range 0.76-0.8 eV, was subtracted from Qd and,
hence, the N-V binding energy was obtained in the range 0.1
to 0.5 eV [11]. More recent electrical resistivity experiments
in electron irradiated, N-doped Fe [12] also indicated values of
0.1-0.15 eV. On the other hand, the stability of vacancy-N com-
plexes in Fe has been investigated in detail also by ab initio
theoretical methods. These calculations showed systematically
higher values for the VN binding energy, 0.71 [13] and 0.73 eV
[17], making it difficult to reconcile theory with experiment.

In Fe-N alloys of higher concentration, where nitride precipi-
tation takes place, only a few irradiation experiments have been
reported. These mostly involved the metastable α′′-Fe16N2 ni-
tride, which forms either during low-temperature (300 . T ≤
420 K) ageing of supersaturated ferritic Fe-N or by tempering
of nitrogen martensite [22, 23]. The α′′ phase is particularly
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interesting due to its age hardening effects [24], stress orienta-
tion of precipitates [25, 26] and magnetic properties [23, 27].
The effect of electron irradiation on α′′ precipitation has been
studied by high voltage electron microscopy (HVEM) [6, 8]. In
these experiments, it was observed that α′′ precipitates did not
form in the irradiated area of supersaturated Fe-N specimens
after annealing at 400 to 430 K, whereas the un-irradiated re-
gions of the same specimens showed ample precipitation. This
was ascribed to the trapping of N atoms by vacancies gener-
ated by the irradiation. After annealing at 490 K for 15 minutes
and re-ageing at 400 K, small precipitates appeared also in the
irradiated area, indicating that dissociation of VN clusters oc-
curred at 490 K. More detailed studies of irradiation effects on
FIA precipitation were performed by Damask et al. on neutron
irradiated Fe-C utilizing internal friction [2], electrical resistiv-
ity [3] and electron microscopy [4]. These experiments showed
that, depending on the conditions, neutron irradiation may ei-
ther provide nucleation sites and thereby promote carbide pre-
cipitation or produce defects that contribute to FIA trapping.
However, due to the limited knowledge at that time of defect
properties and interactions in Fe, a more accurate interpretation
of these studies could not be given.

In this paper we address some of the issues mentioned above
regarding the interaction of radiation defects with N in Fe, in-
cluding precipitation effects, using electrical resistivity mea-
surements. This method is highly sensitive to both radiation
defects and precipitates and has been utilized extensively for
the study of kinetics in metallic materials. In the case of Fe,
resistivity recovery experiments after low temperature electron
irradiation, as for example by Takaki et al. [10], were essential
in clarifying point defect reactions in this material. A num-
ber of recovery stages, i.e., temperature ranges of increased de-
fect annealing, were attributed to specific reaction mechanisms:
stages ID (∼ 108 K) and IE (120 - 140 K) were ascribed to
the correlated and un-correlated, long-range migration of SIAs;
stage II (160-180 K) to the migration of small SIA clusters;
and stage III (220-280 K) was related to long-range vacancy
migration. However, the quantitative interpretation of these ex-
periments presents difficulties; as shown previoulsy in several
works [15, 28], it requires detailed theoretical analysis in or-
der to obtain reliable information on the underlying physical
processes. Therefore, in the current work we adopt an inte-
grated approach, combining experiment with theoretical mod-
elling and simulation, in order to directly obtain clear and def-
inite results. Specifically, specimens of an Fe - 0.048 at.% N
alloy and a control sample of pure Fe were irradiated by 5 MeV
protons at cryogenic temperature. High energy protons are be-
ing increasingly utilized for such studies [29–32] due to their
relatively high penetration depth, which allows volume irradia-
tion of specimens, and their high availability at ion accelerator
facilities. The evolution of radiation induced defects and the
precipitation of the metastable α′′-Fe16N2 nitride were moni-
tored by in-situ measurements of the electrical resistivity during
post-irradiation isochronal annealing up to 550 K. Comparison
between Fe-N and pure Fe gives information on the effect of N
on defect kinetics.

For the interpretation of results, density function theory

(DFT) calculations are used to characterize the binding between
vacancy and N solute atoms as well as their kinetic properties.
The evolution of defect and solute atom concentrations is de-
scribed by reaction rate equations, while α′′ precipitation is
modelled by classical theory of nucleation and growth. Finally,
a calculation of the total resistivity due to defects and precipi-
tates allows direct comparison to the experiment.

The paper is organized as follows: Section 2 describes the
sample preparation, the irradiation conditions and the post-
irradiation annealing; the modelling methodology is given in
section 3, including the DFT calculations, the kinetic equations
for the evolution of precipitates and defects and the evaluation
of the electrical resistivity; section 4 presents the experimental
results while section 5 the simulation results; finally, a discus-
sion is presented in section 6.

2. Samples and Experimental methods

2.1. Sample preparation
The materials investigated in this study were high purity Fe

and Fe-N produced by the Ecole des Mines de Saint Etienne.
Table 1 shows the concentration of interstitial elements in the
materials as obtained from a chemical analysis conducted by
the supplier. The concentrations of other residual impurities
were generally below 5 appm. The Fe-N alloy is doped with
N to a concentration of 480 appm, while the residual content
of other interstitial impurities like carbon and oxygen is about
40 appm. In pure Fe there is a small amount of C (20 appm) and
smaller amounts of N and O. Both materials were supplied in
the form of 10.5 mm diameter cylindrical bars. Thin foils were
produced by sectioning, cold-rolling and electropolishing in a
H2SO4-H3PO4 mixture to a final thickness of 0.050 mm. The
foils exhibit a bright polished surface after the electrochemi-
cal process. Rectangular specimens 15 mm × 2 mm were cut
from the foils, placed in alumina crucibles and heat treated un-
der oil-free high vacuum (10−6 mbar) at 970 K for 12 h in order
to anneal stresses due to cold working. Fe-N specimens were
subjected to a further special annealing procedure by means of
ohmic self-heating. Specifically, a specimen was held inside a
closed liquid nitrogen (LN) dewar, a few centimetres above the
surface of the cryogenic liquid. A large electrical current was
sent through the sample, heating it to a high temperature. Digi-
tal control of heating current and sample voltage allowed stabi-
lization of the sample temperature to within ±2%. Fast quench-
ing was possible by directly dipping the sample into LN. The
actual annealing temperature was estimated from the sample
resistivity, by comparing to tabulated values of the resistivity
of Fe as a function of temperature [33]. Fe-N specimens were
heated in this manner for 10 min at 863 K and then quenched,
to ensure full dissolution of N in the Fe matrix. The specimens
were kept in LN until further use. During loading in the irradi-
ation chamber, they were heated to room temperature for about
2 h.

2.2. Electrical resistivity measurements
Pure Fe current and potential leads were spot-welded on

the specimens for performing the electrical resistivity measure-
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Table 1: Concentrations of interstitial elements (appm) in the starting materials.

Material C N O
Fe 20 4 14
Fe-N 40 480 36

ments according to the standard DC four-probe method. The
ohmic voltage was measured with a sensitive nano-voltmeter
(Keithley Inc) and the measuring current was reversed in order
to eliminate thermoelectric voltages. The measurement reso-
lution was better than 10−7 Ω. Resistance, R, was converted
to absolute resistivity, ρ, by means of the geometric factor,
f = ρ/R. f was obtained for each specimen by taking two
resistance measurements: one at 273 K using a temperature cal-
ibrator and one in LN at 77 K. These values are denoted as R273
and R77, respectively. The geometric factor was then calculated
by f = (ρFe

273 − ρ
Fe
77 )/(R273 − R77), where ρFe

273 = 8570 nΩ·cm
and ρFe

77 = 612 nΩ·cm correspond to tabulated values of pure
Fe resistivity at the respective temperatures [33]. This method
minimizes errors in f due to the residual resistivity of impure
or dilute alloy samples. The estimated error in f is below 1%.

The reported resistivity measurements were generally taken
at the base temperature of the irradiation chamber, 8 K, where
phonon contribution is negligible. Thus, they correspond to the
residual resistivity, which is mainly due to conduction electron
scattering at lattice defects and solute atoms. Only during an-
nealing of un-irradiated specimens the measurements were per-
formed at liquid nitrogen temperature. However, since we are
mainly interested in resistivity changes during the course of the
annealing, the constant phonon contribution at 77 K cancels out.

The residual resistivity of the samples prior to the irradia-
tion, ρ0, and the residual resistivity ratio, RRR = ρ(300 K)/ρ0,
are listed in Table 2. It is observed that there is a difference of
315±10 nΩ-cm in ρ0 between Fe-N and Fe specimens. This is
mainly due to the N solute atoms, which contribute 0.6 nΩ-cm
per appm [34] or 290 nΩ-cm in total, taking into account the
nominal N concentration. The increased concentrations of C
and O in Fe-N (cf. Table 1) account for the rest of the observed
resistivity difference. The residual resistivity of pure Fe is due
to the small concentrations of interstitial and other residual im-
purities. Contributions to the electrical resistivity due to surface
scattering can be ignored since the estimated electron mean free
path in Fe at 8 K is much smaller than the sample thickness.

2.3. Irradiation conditions

Irradiations were performed in the dedicated materials irra-
diation facility IR2 at the TANDEM accelerator of the National
Centre for Scientific Research ”Demokritos” [35]. The facility
offers in-situ electrical resistivity measurement, irradiation at
cryogenic temperature down to 8 K by means of a closed-cycle
helium cryo-cooler and post-irradiation annealing up to 700 K.
The specimens were irradiated with 5 MeV protons to three dif-
ferent dose levels. Details are given in Table 2. The actual spec-
imen temperature during irradiation was estimated to be about
25±3 K due to beam heating. The estimation is based on on-
line electrical resistivity measurements which showed a sudden

increase of resistivity as the beam was switched on. This was
converted to temperature based on the measured resistivity vs.
temperature curve.

The irradiation time was adjusted so that the desired radi-
ation induced resistivity increase, ∆ρ0, was attained. ∆ρ0 is
proportional to the number of generated radiation defects and
thus constitutes a direct measure of the damage dose for a given
specimen. Hence, it was considered as a more reliable dose in-
dicator than beam flux measurements, which were performed
only intermittently using a Faraday cup and depend on a num-
ber of parameters that may vary between irradiations as, e.g.,
beam fluctuation or sample positioning. The amount of radi-
ation damage in terms of displacements per atom (dpa) is es-
timated by dividing ∆ρ0 with the recommended value for the
Frenkel pair resistivity in Fe, ρFP = 3.0 nΩ-cm / appm [36, 37].
As can be seen from the data of Table 2, the estimated concen-
tration of radiation defects ranged from 33 to 330 appm. We
note, however, that there is still some uncertainty regarding the
value of ρFP, since other authors [38] and reference works [39]
quote also different values. Thus the estimated dpa should be
treated with caution. Further detailed measurements of ρFP are
needed in order to clarify this discrepancy, which should be cor-
roborated by theoretical calculations.

The irradiation conditions were simulated with the SRIM
code [40] following the procedure described in [41, 42] and
employing a displacement threshold of 40 eV [43]. The simula-
tion shows that the 5 MeV proton range in Fe is about 0.08 mm,
thus the beam penetrates fully through the 0.05 mm thick foils
with negligible implantation probability. The damage profile
as obtained by SRIM is fairly homogeneous within the sample
volume, with the damage rate becoming gradually higher to-
wards the back side of the specimen due to proton energy loss.
The average recoil energy of primary knock-on atoms is 330 eV
and, thus, the damage is expected to be primarily in the form of
single vacancies and SIAs [44]. The damage cross-section as
predicted by SRIM is 1.5×10−20 cm2, while experimentally we
obtain values between 0.6 and 0.9 × 10−20 cm2. The latter can
be obtained from Table 2 by taking the ratio of dpa to fluence.
We consider that this is a fair agreement given the experimental
uncertainty in the flux measurement and the known tendency of
the Norgett-Robertson-Torrens (NRT) damage model [45] em-
ployed in SRIM to overestimate the dpa values [46].

2.4. Annealing procedure

Post-irradiation isochronal annealing was performed inside
the irradiation chamber without removing the sample. Step-
wise annealing was employed at gradually increasing temper-
atures from 40 up to 600 K, with a variable temperature step,
∆T , keeping ∆T/T ≈ 0.04. Holding time was 5 min for Fe,
while Fe-N samples were given two 4 min anneals per tempera-
ture step. The latter procedure allowed the estimation of activa-
tion energies, as explained below. The annealing of irradiated
Fe-N samples was also performed by the ohmic self-heating
method as described in section 2.1. However, the quenching
was achieved by simply switching off the heating current and
allowing the sample to reach the base temperature (8 K) of the
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Table 2: Conditions for the 5 MeV proton irradiation of Fe-N and Fe.

Material ρ0
* RRR† Proton Flux Fluence ∆ρ0

‡ dpa / X0
FP

§

(nΩ-cm) (1011 cm−2 s−1) (1015 cm−2) (nΩ-cm) (appm)

Fe-N
420 25 3.7 3.7 100 33
410 25 4.2 20 500 165
405 25 4.4 43 1000 330

Fe 95 110 9.0 5.4 100 33
* ρ0: residual resistivity
† RRR = ρ(300 K)/ρ0
‡ ∆ρ0: max. irradiation induced resistivity
§ dpa: displacements per atom, X0

FP: Frenkel pair (FP) concentration. Calculated as ∆ρ0/ρFP, where ρFP =

3.0 nΩ-cm / appm is the FP resistivity in Fe.

surrounding sample holder, whereupon the resistivity was re-
measured. This method allowed fast heating and cooling at a
rate up to ∼ 20 K/s and good temperature stabilization with an
overshoot of less than 2%.

Un-irradiated specimens were subjected to isochronal an-
nealing cycles from 250 up to 550 K with ∆T/T ≈ 0.03 and
a holding time of 5 min. These were performed by self-heating
and quenching in liquid nitrogen as described in section 2.1.

During the course of an annealing sequence, the resistivity
of the sample, ρ, changes due to defect annihilation, clustering
and solute precipitation. In the following we report the resistiv-
ity evolution, ∆ρ = ρ − ρ0, from its initial value, ρ0, measured
prior to the irradiation. For irradiated specimens wih an initial
resistivity increase ∆ρ0, the ratio ∆ρ/∆ρ0 is termed resistivity
recovery and is roughly proportional to the fraction of radia-
tion defects remaining in the specimen at a certain stage of the
annealing program. In case of clustering and precipitation reac-
tions the relation of ∆ρ to defect and solute atom concentrations
may be more complex.

The activation energy, Ea, of annealing reactions in Fe-N was
estimated by the slope-change technique [47, 48]. For this pur-
pose, Fe-N specimens were given two anneals per temperature
step so that slope of the resistivity versus time curve, dρ/dt,
could be estimated before and after an annealing step from T
to T + ∆T . Denoting these slope values (dρ/dt)− and (dρ/dt)+,
respectively, Ea can be obtained from the following relation:

Ea ≈
kB T 2

∆T
log

(dρ/dt)−
(dρ/dt)+

(1)

where kB is the Boltzmann constant. It is noted that this method
is based on the assumption that a single thermally activated re-
action is active at the given temperature and, hence, should be
applied with caution.

3. Theoretical methods

Theoretical modelling is based on the following components:
(i) DFT calculations are employed for energetic parameters of
vacancies, N solutes and their complexes; (ii) α′′ nitride precip-
itation is modelled by classical nucleation and growth theory;
(iii) the evolution of N solute, defect and cluster concentrations

are described by kinetic rate equations; and (iv) the total resis-
tivity is calculated, taking into account the contribution from
nitride precipitates and defects. The methods are briefly de-
scribed in the next paragraphs.

3.1. Density functional theory calculations
The density functional theory (DFT) calculations were per-

formed with the Projected Augmented Wave (PAW) method
[49, 50] as implemented in the VASP (Vienna ab initio simu-
lation package) code [50–52]. 3d and 4s electrons are consid-
ered as valence electrons for Fe atoms, and 2s and 2p states are
considered for N. We employed the Generalized Gradient Ap-
proximation (GGA) with the Perdew-Burke-Eruzerhof (PBE)
scheme [53]. All the calculations were spin polarized within
the collinear approximation. The plane-wave basis cut-off was
set to 500 eV. The convergence cut-off for the electronic self-
consistency loop was set to ∆E = 10−6 eV. All the results pre-
sented below are obtained using a 4×4×4 cubic unit-cell of 128
bcc-Fe sites . We employed a 4 × 4 × 4 k-points grid, follow-
ing the Monkhorst-Pack scheme [54]. The Methfessel-Paxton
broadening scheme [55] with a 0.1 eV width was adopted. For
structural optimizations, atomic positions, supercell shape and
size were fully relaxed to ensure a maximum residual force of
0.02 eV/Å and a maximum residual stress of 0.1 kbar.

A N interstitial migration barrier was calculated using the
Nudged Elastic Band (NEB) method [56, 57]. We set three
NEB images between two nearest octahedral interstitial sites,
the saddle-point configuration being the N at a tetrahedral site.

We also performed phonon-frequency calculations in order
to determine binding free energies between vacancy and nitro-
gen solutes. The vibrational entropies were obtained within the
harmonic approximation from frozen phonon calculations us-
ing the VASP and PHONOPY [58] codes. Before the phonon
calculations, the 128-sites supercells were fully relaxed with a
maximum residual force of 0.001 eV/Å and a maximum resid-
ual stress of 0.1 kbar.

3.2. Precipitation kinetics
Precipitation of the metastable α′′ nitride is modelled by clas-

sical nucleation and growth theory [59] utilizing the formu-
lation given in [60]. The precipitates are regarded as oblate
spheroids with half-axes a > c and a constant aspect ratio
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ε = c/a = 0.05. The driving force for precipitation is the free
energy change per unit volume of the α′′ phase, ∆g, which in
the case of dilute alloys can be approximated by

∆g =
kBT
Vat

Xp
N log

(
Xm

N/X
eq
N

)
− εA, (2)

where kB is the Boltzmann constant, T denotes the tempera-
ture, Vat is the atomic volume (considered here equal in both
phases), Xm,p

N are the atomic concentrations of N in the matrix
and the precipitate, respectively, Xeq

N is the equilibrium N ma-
trix concentration and εA is elastic self-energy of the coherent
α′′ particle.

The critical nucleation energy is approximately

W∗ =
16π

3
γ̄3

ε2 ∆g2 =
4π
3

a∗2 γ̄, (3)

with γ̄ = 1
2 (γ f + εγe) the effective interfacial energy, where

γe and γ f are the specific interfacial energies of the edge and
the flat top of the particle, respectively [61], and a∗ is the large
half-axis of critical nuclei.

The nucleation rate is calculated by the classical Becker-
Döring expression:

dNp

dt
= Zβ∗ exp

(
−

W∗

kBT

)
(4)

where Np denotes the number of nuclei per atomic site, Z is
the Zeldovich factor and β∗ = 8πa∗2DN Xm

N/a
4
0 is the attachment

rate of solutes on a precipitate of critical radius with DN the
diffusion constant of N in α-Fe and a0 the lattice constant. A
detailed expression for Z can be found in [60].

Precipitates grow by incorporating solute atoms from the sur-
rounding matrix. The evolution of the average size, ā, is de-
scribed by:

dā
dt

=
2DN

πεā
Xm

N − Xi

Xp
N − Xi

−
1

Np

dNp

dt
(ā − a∗). (5)

The first term on the right describes the growth of the oblate
spheroidal precipitates due to the influx of N atoms from
the matrix [60]. Xi is the solute concentration at the ma-
trix/precipitate interface as modified by the Gibbs-Thomson ef-
fect [62]:

Xi = Xeq
N exp

(
2γ̄Vat

ε a kBT Xp
N

)
. (6)

The second term on the right of eq. (5) accounts for the reduc-
tion of ā due to the nucleation of new critical nuclei [63].

3.3. Defect reactions

The evolution of point defect and solute atom concentrations
is described by a set of reaction rate equations. Recombination
and clustering processes are considered as binary reactions of
the type:

A + B
k+

�
k−

C, (7)

where k+ and k− stand for the formation and dissociation rate
constants, respectively. The time evolution of each species con-
centration due to such a reaction is described by:

dXC

dt
= −

dXA,B

dt
= k+ XA XB − k− XC . (8)

where XY denotes the atomic concentration of Y . k+ is deter-
mined by the diffusion of reactants towards each other [64] and
is given by:

k+ = 4π rAB (DA + DB) V−1
at , (9)

where DA and DB are the diffusion coefficients of species A and
B, respectively, and rAB is the reaction radius. Detailed balance
requires that

k− = k+e−∆Gb/kBT , (10)

where ∆Gb = G f
A + G f

B −G f
C , with G f

Y denoting the Gibbs free
energy of formation for species Y .

Additionally, there are two balance equations that have to be
considered. The first one concerns the total amount of N atoms
in the system, X0

N , which is distributed among the matrix, the
α′′ precipitates and the V-N clusters:

X0
N = Fp Xp

N + (1 − Fp)

Xm
N +

∑
n,k≥1

k XVnNk

 (11)

where Fp = 4
3πa3εNp is the precipitate volume fraction and

XVnNk denotes the concentration of vacancy-N clusters. SIA-
nitrogen complexes are not considered in our model. The sec-
ond equation derives from the fact that we consider removal
of point defects only via SIA-vacancy recombination. Other
defect sinks such as grain boundaries and dislocations are ex-
pected to have a much lower strength due to the well-annealed
state of our samples and are neglected. Thus, the total number
of SIAs equals that of vacancies, regardless if they are single or
clustered. We can express this as∑

n≥1

n XIn =
∑
n′≥1

n′ XVn′ +
∑

n′′,k≥1

n′′ XVn′′Nk = XFP (12)

where XFP denotes the effective total FP concentration.
The set of rate equations for the defect concentrations to-

gether with the balance equations (11), (12) and the precipitate
nucleation and growth equations, (4) and (5), respectively, are
integrated numerically by standard algorithms available in the
OCTAVE computing environment [65]. The relevant simula-
tion code and results can be found in [66].

3.4. Electrical resistivity calculation
In order to make a direct quantitative comparison to the ex-

perimental results we calculate the total resistivity taking into
account the contribution from irradiation defects and clusters,
N solute atoms and α′′ precipitates. The resistivity of an alloy
during second phase precipitation exhibits generally a complex
behaviour since conduction electron scattering depends on the
density, shape and size of precipitates as well as on the pre-
cipitate/matrix interface structure. In the present case, where
only the early stages of precipitation are considered (Fp � 1),
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the resistivity can be approximated by a simple law of mixtures
[67]:

ρ = ρm (1 − Fp) + ρp Fp ≈ ρm + ρp Fp, (13)

where ρm and ρp are the resistivity of the alloy matrix and the
precipitates, respectively. These are written in terms of defect
and N concentrations as:

ρm = ρFe + ρm
N Xm

N +
∑
n≥1

ρIn XIn

+
∑
n′≥1

ρVn′ XVn′ +
∑

n′′,k≥1

ρVn′′Nk XVn′′Nk ,
(14)

ρp = ρ
p
N Xp

N , (15)

where ρFe denotes the resistivity of the α-Fe matrix, ρm
N and ρp

N
are the resistivity contributions per N atom in solid solution and
precipitates, respectively, ρIn and ρVn′ represent the resistivities
of V and SIA clusters, respectively, and ρVnNk is the resistiviy
of vacancy-nitrogen clusters. It has been assumed according
to Matthiessen’s rule that conduction electron scattering from
all these objects is additive. ρFe contains the contribution from
phonons and residual impurities in the matrix.

Initially there are no irradiation defects and the total N con-
centration is assumed to be dissolved in the matrix, thus, the
resistivity is equal to:

ρ0 = ρFe + ρm
N X0

N . (16)

In order to calculate the deviation, ∆ρ = ρ - ρ0, we make
the following approximation, as often done in similar work [15,
28]: the contribution of V and SIA clusters is considered equal
to the sum of the resistivity of individual defects, i.e., ρVn = n ρV

and ρIn = n ρI . Furthermore, ρV +ρI = ρFP, where ρFP is the FP
resistivity. With this approximation and taking also into account
the balance relations (11)-(12) we finally obtain:

∆ρ ' ρFPXFP +
∑
n,k≥1

(
ρVnNk − n ρV − k ρm

N

)
XVnNk

−
(
ρm

N − ρ
p
N

)
Fp Xp

N .

(17)

4. Experimental results

4.1. Resistivity recovery in the range 30 K to 350 K
Fig.1 shows the resistivity recovery of pure and N doped

Fe during post-irradiation isochronal annealing as function of
temperature up to 350 K. For each curve the total resistivity
increase after irradiation, ∆ρ0, is indicated. The correspond-
ing dose values can be found in Table 2. As can be seen in
the figure, the three Fe-N specimens exhibit an almost identi-
cal recovery as a function of temperature, despite the signifi-
cant difference in dose. On the other hand, there are marked
differences with respect to the recovery of pure Fe. It is ob-
served that above 110 K the recovery in Fe-N slows down and
the curves start to deviate from that of Fe. This continues up
to about 280 K, whereupon Fe-N exhibits a region of faster re-
covery which brings it closer to the pure Fe curve. At 350 K Fe
exhibits almost full recovery, whereas in Fe-N a small fraction
(< 5%) of the initial resistivity is still present.

Table 3: Resistivity recovery stage data in 5 MeV proton irradiated Fe and Fe-
N: stage peak temperature, T̂ , total recovery, A, and measured activation energy,
Ea.

Stage T̂ (K) A (%) Ea (eV)
Fe Fe-N Fe Fe-N Fe-N

IA 52 54 3.5 2.2 -
IB 68 69 4.2 5.0 -
IC 87 89 3.6 6.9 -
ID 108 107 54.9 41.6 0.38
IE 126 - 3.6 - -
II 164 161 7.7 12.5 0.55
IIIA 187 - 4.6 - -
IIIB 216 195 7.6 14.2 0.68
N-stage - 300 - 15.0 0.78

In general, the recovery in both materials is not continuous
but shows distinctive temperature regions of high recovery rate,
which are called stages. These can be clearly seen in fig. 2
where the recovery rate is presented as a function of annealing
temperature for pure and N-doped Fe at the lowest irradiation
dose. The recovery stages have been identified on this figure
with reference to previous work on pure Fe [10, 28] and are
described in the following paragraphs. Table 3 summarizes the
relevant experimental data for each stage: temperature of re-
covery rate maximum, T̂ ; total stage recovery, A, determined
approximately by a graphical method; activation energy, Ea,
estimated by the slope-change technique.

The temperature range between 40 and 150 K is character-
ized as stage I recovery and comprises of several sub-stages.
The features observed in fig. 2 at 52, 68 and 87 K in Fe are
identified as the sub-stages IA, IB and IC reported by Takaki
et al. [10] at similar temperatures in electron irradiated high-
purity Fe. These features appear also in Fe-N approximately
at the same temperatures. The sub-stages IA to IC have been
previously attributed to the spontaneous recombination of close
Frenkel pair (FP) configurations.

The peak at 108 K and the feature on its right side at 126 K
observed in fig. 2 for Fe are identified as the sub-stages ID and
IE , which were also reported earlier [10] and have been ascribed
to FP recombination through correlated and long range SIA mi-
gration, respectively. ID is the strongest recovery stage in Fe
and it is generally accepted that it consists of two overlaping
parts, ID1 and ID2 [10, 28]. In the present measurements these
two parts are not resolved, thus ID will be considered as a single
stage. The contribution of ID and IE to defect recovery in Fe is
54.9% and 3.6%, respectively. In Fe-N ID is observed at 107 K
while there is no indication for the presence of an IE substage.
The corresponding recovery in ID is 41.6%, significantly lower
than in Fe. The activation energy of ID was found equal to 0.38
eV. This value is higher but comparable to previous experimen-
tal results (0.27-0.31 eV [10], 0.32 eV [68]) and agrees with
more recent ab-initio theoretical values for the SIA migration
energy in Fe (0.34 eV [69]).

The temperature range between 160 and 180 K is character-
ized as stage II recovery in pure Fe. A single peak is seen in
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Figure 1: Resistivity recovery of 5 MeV proton irradiated Fe and Fe-N alloys during isochronal post-irradiation annealing as a function of temperature.
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Figure 2: Resistivity recovery rate of pure and N-doped Fe obtained after similar proton irradiation dose level.

fig. 2 at 164 K in the recovery rate of Fe. In Fe-N the peak
shifts to lower temperature, 161 K, and exhibits a total recovery
of 12.5% which is higher than the corresponding Fe value of
7.7%. The activation energy measured for stage II in Fe-N is
equal to 0.55 eV.

The temperature region around 200 K is characterized as
stage III. Here Fe exhibits two recovery features at 187 and
216 K, respectively, indicated by the arrows in fig. 2. In Ta-

ble 3 these are referred to as IIIA and IIIB, respectively. On the
other hand, Fe-N shows a single, wide recovery peak at 195 K.
The total recovery corresponding to the Fe-N peak is 14.2% and
the activation energy is found equal to 0.68 eV. The combined
recovery of IIIA and IIIB in Fe is 12.2%.

A strong peak is observed at 300 K in the recovery rate of
Fe-N whereas Fe exhibits a continuous recovery background in
this temperature range. Thus, it is evident that the peak is due to
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the presence of N and we will refer to it as the N-stage. As seen
from fig. 1, it is associated with a significant resistivity reduc-
tion (15%) and its activation energy is 0.78 eV. This value is in
good agreement with the N migration barrier in α-Fe as previ-
ously obtained experimentally (0.74 eV [70]) and theoretically
(0.72 eV [19]). Therefore, this stage is most probably related to
the migration of N atoms and their interaction with irradiation
induced sinks. The resulting N-containing defect complexes are
associated with a reduced specific resistivity contribution.

4.2. Resistivity evolution in Fe-N from 350 K to 550 K
Fig. 3 shows the electrical resistivity variation, ∆ρ, as a func-

tion of annealing temperature for one un-irradiated (indicated
by ∆ρ0 = 0) and three irradiated Fe-N alloys at different initial
dose. The data are displayed starting from T = 250 K so that
the N-stage observed at 300 K in the irradiated samples is also
included. As seen in the figure, the non-irradiated sample ex-
hibits a characteristic minimum in ∆ρ in the temperature range
between 330 K and 500 K. The resistivity starts to decrease
above 330 K and reaches its minimum value ∆ρ = −150 nΩ-
cm at T = 425 K. Subsequently it increases again and obtains
its initial value at about 500 K. Similar results have also been
observed previously in resistivity studies of Fe-N alloys in the
same concentration range [71, 72]. The behaviour has been at-
tributed to the precipitation of metastable α′′-Fe16N2. The nu-
cleation and growth of α′′ in the range 330 to 425 K removes N
solute atoms from the alloy matrix causing the observed resis-
tivity reduction. Above 425 K the α′′ particles become unstable
and start to dissolve, releasing the retained N until the initial
concentration is established again at 500 K.

In the irradiated Fe-N samples ∆ρ is initially positive at
Ta = 250 K due to the presence of radiation defects, which
survive after recovery stage III. The value of ∆ρ at this point
is proportional to the initial irradiation dose. As the annealing
temperature increases, ∆ρ exhibits a sharp drop at 300 K, which
corresponds to the N-stage observed in figs. 1 and 2. The value
of ∆ρ at the end of the stage, at about 330 K, is again roughly
proportional to the irradiation dose.

The effect of irradiation on α′′ precipitation is evident from
fig. 3 in the temperature range 350 − 550 K. At the lowest dose
level the characteristic resistivity minimum related to α′′ nucle-
ation and dissolution is almost unchanged by the presence of
radiation defects. However, at intermediate irradiation dose the
amplitude of the resistivity minimum is drastically reduced, in-
dicating that radiation defects interfere with α′′ precipitation.
At the highest dose, the resistivity minimum is totally sup-
pressed and a slight increase of the resistivity is observed in the
same temperature range from its value at 330 K. Finally, for all
three irradiation doses and at a temperature of about 550 K, the
resistivity returns to its pre-irradiation value, i.e., ∆ρ ≈ 0. This
indicates that there is almost full recovery of irradiation defects
and dissolution of precipitates at this temperature. To check
this, we subjected the irradiated and 550 K annealed samples
to a second isochronal annealing sequence starting at 300 and
reaching again 550 K. Fig.4 shows the resistivity evolution in
the first and second annealing sequence for the sample irradi-
ated to initial ∆ρ0 = 500 nΩ-cm. It is observed that the resistiv-

ity behaviour during the second annealing is very similar to that
of the unirradiated sample. Namely, the broad resistivity min-
imum between 330 and 480 K is again observed with a large
amplitude. This proves that after the 550 K most of the radi-
ation defects and complexes have dissociated and the N solute
concentration in the matrix has returned to its initial value. Sim-
ilar results in the 2nd annealing were obtained for all irradiation
dose levels.

5. Simulation results

5.1. DFT calculations of defect parameters

The most relevant parameters of the present model provided
by DFT calculations are listed in Table 4. In particular, the
dissociation reaction for the VN and the VN2 clusters:

VN→ V + N (18)

and
VN2 → VN + N (19)

are controlled by the Gibbs free binding energy (Gb) corre-
sponding to the reversed reaction plus the migration barrier of
the emitted monomer (V or N). The calculated migration bar-
rier is 0.69 eV for a vacancy and 0.72 eV for an isolated N
atom. These barriers are in good agreement with previous DFT
results [13, 19, 73]. The latter is also consistent with the present
experimental data.

The free binding energy, for instance for the VN + N → VN2
reaction, is defined as:

∆Gb [VN + N] =G
[
(p − 1)Fe + N

]
+ G

[
pFe + N

]
−G

[
(p − 1)Fe + 2N

]
−G

[
pFe

] (20)

where G
[
(p − k)Fe + mN

]
, with k = 0, 1 and m = 0, 1, 2, de-

notes the Gibbs free energy of a bcc system containing p− k Fe
atoms and m N solutes. With the present definition, a positive
∆Gb means an exothermic reaction. The binding enthalpy and
the binding entropy are determined using similar expressions.

Consistent with previous DFT studies [74], we find a strong
contribution of vibrational entropy to the free binding energy.
Therefore, it is important to consider ∆Gb instead of the binding
enthalpy for the temperatures considered experimentally. For
instance, we obtain a vibrational binding entropy for both V +N
and VN + N reactions of respectively 3.55 and 5.61 kB at 500
K, while the corresponding binding enthalpies are 0.86 and 0.95
eV, respectively. The binding enthalpy for the VN complex is in
agreement with previous DFT values [13, 17, 74, 75]. It is noted
that discrepancies up to 0.13 eV can occur due to different DFT
approximations for, e.g., the pseudopotential or the supercell
size. The free binding energies for the resulting VN and VN2
complexes are presented in Fig. 5 as a function of temperature.
As seen from the figure, they are similar for the two clusters
in the temperature range of the annealing process. Just above
500 K, they both exhibit a ∆Gb close to 0.7 eV.
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Figure 3: Variation of electrical resistivity as a function of annealing temperature for un-irradiated and proton irradiated Fe-N alloys to 3 different dose levels. ∆ρ0
is the total irradiation induced resistivity.
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Figure 4: Variation of electrical resistivity as function of the annealing temperature for a proton irradiated Fe-N alloy (∆ρ0 = 500 nΩ-cm). After the 1st isochronal
annealing up to 550 K the sample was subjected to a 2nd annealing process from 300 K to 550 K.

5.2. Validation of α′′ precipitation kinetics modelling

The classical nucleation and growth model of α′′ precipita-
tion has been first employed by Sauthoff [60] in his analysis of
electron microscopy observations of Fe-N single crystals aged
under stress [25]. Although several other groups have reported
detailed electrical resistivity studies of early stage α′′ nucle-

ation kinetics [71, 72] a similar analysis of their results has not
been done. Here we validate and parametrize the precipitation
model by comparing to previous isothermal resistivity data of
Abiko & Imai [72] and to our isochronal annealing measure-
ments of unirradiated Fe-N.

Key parameters for the modelling are: (a) the diffusion of N
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in α-Fe, where the DFT migration barrier of 0.72 eV is used in
conjunction with the experimental value D0

N = 0.53 m2/s [70]
for the pre-exponential factor; (b) the N matrix concentration in
equilibrium with the α′′ phase, Xeq

N , which according to the data
evaluation of [76] is described by the empirical relation:

Xeq
N = Xeq

0 exp
(
−

QN

kBT

)
(21)

with parameters Xeq
0 = 2.69 and QN = 0.365 eV; (c) the inter-

facial energy of the α′′ particles, γ̄, which is adjusted in order
to fit the experimental data and (d) the resistivity parameters ρm

N
and ρ

p
N ; the value of ρm

N is adopted from [34], which gives a
value of 7 µΩ-cm per at.% N for measurements performed at
77 K and ρp

N is adjusted to fit the experiments.
Figure 6 summarizes the simulation results and shows their

comparison to experimental data. For the experiment of Abiko
& Imai [72], where a supersaturated Fe-N alloy with total N
concentration X0

N = 0.088 at.% was aged at 373 K, the results
are depicted in figs 6(a)-(b). Fig. 6(a) shows the simulated
time evolution of the fraction of N atoms in solid solution and
in the precipitates, Xm

N/X
0
N and Fp Xp

N/X
0
N , respectively. The

inset displays the corresponding evolution of precipitate vol-
ume concentration and size. The calculations correspond to
γ̄ = 6.9 mJ/m2. As seen from the figure, the model predicts
the nucleation of α′′ precipitates with a final concentration of
2.2 × 1019 m−3 at about t = 50 min, which grow and attend
a final radius of 120 nm at t ∼ 300 min. These values are
in agreement with the experimental observations [72], where
an average particle size between 100 and 200 nm and a den-
sity of 1020 m−3 are reported after 1000 min ageing at 373 K.
The model predicts that during this process N solute atoms are
removed from the matrix until the equilibrium concentration

Xm
N = Xeq

N (373K) = 3.3 × 10−3 at.% is attained. At this point
the α′′ volume fraction is Fp ≈ (X0

N − Xeq
N )/Xp

N = 7.6× 10−3. In
fig. 6(b) the resistivity data of Abiko & Imai are directly com-
pared to the simulation. The resistivity drop is essentially due
to the N depletion of the matrix as a result of α′′ precipitation.
At long ageing times, t ≥ 103 min, the experimental resistivity
levels off at a minimum value, ∆ρmin = −450 nΩ-cm. From eq.
(17) we obtain that ρm

N −ρ
p
N = −∆ρmin/FpXp

N ≈ 5.4 µΩ-cm/at.%
or ρp

N ≈ 0.24 ρm
N , taking into account the value of ρm

N from [34].
The simulated resistivity evolution is in fair agreement with the
experimental result. The rate of resistivity variation is slightly
higher in the model. This can be due to the various simplifi-
cations inherent in the classical nucleation and growth theory.
Fig. 6(b) shows calculations for slightly different values of γ̄
which demonstrate the sensitivity of the model to the interfa-
cial energy parameter.

Figures 6(c)-(d) show simulation results for the isochronal
annealing of Fe - 0.048 at.% N in the temperature range 250 to
550 K and compare to our resistivity measurements on an unir-
radiated sample. In order to apply the nucleation and growth
model to this annealing process, the following approximation
was employed: during the nucleation phase, if after a temper-
ature increment the existing particles have an average radius
smaller than the new critical radius, a∗, then all these particles
are considered unstable, they are immediately “dissolved” and
nucleation starts from scratch. This ignores a fraction of parti-
cles that might have a radius larger than a∗ and thus would be
stable also at the higher annealing temperature. However, for
the current experimental conditions it was confirmed that the
fraction of these particles was always very small and could not
have a significant effect on the average particle size. In fig. 6(c)
the fraction of N atoms in the matrix and in the precipitates are
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Figure 6: Simulation of nucleation and growth of α′′ phase during (a,b) isothermal ageing of a Fe-0.088 at.% N alloy at T = 373 K corresponding to the experiment
of Abiko & Imai [72] and (c,d) during isochronal annealing of a Fe-0.048 at.% N alloy according to the conditions of the current experiments. (a) and (c) show
the evolution of the N fraction in the matrix and precipitates as a function of time and annealing temperature, respectively. The insets in (a) and (c) show the
corresponding evolution of particle density and radius. (b) and (d) depict the measured and simulated resistivity evolution as a function of time and annealing
temperature, respectively. Symbols correspond to the experimental data and solid curves are model calculations with different values of γ.

shown as a function of annealing temperature. The inset shows
the evolution of precipitate density and radius. Significant α′′

precipitation starts at about 350 K and precipitates grow up to
430 K. At this temperature about 65% of the N atoms are in the
precipitates, which have an average radius R̄ = 66 nm and con-
centration Np = 4.5 × 1019 m−3. Above 430 K the precipitates
become unstable and start to dissolve, since the equilibrium N
concentration in the matrix is higher and the alloy is no longer
supersaturated. At about 500 K all precipitates have dissolved.
Fig. 6(b) shows the experimental and simulated resistivity as
a function of temperature. Initially the resistivity is reduced
due to the depletion of N from the matrix during the α′′ nu-
cleation and growth phase. At 430 K the resistivity attains its
minimum value and then rises again towards its initial value in-
dicating that all precipitates have been dissolved. The values
γ̄ = 7.6 mJ/m2 and ρp

N = 0.24ρm
N have been found to best re-

produce the position and amplitude of the resistivity minimum.
The slightly higher interfacial energy obtained here compared
to the isothermal case may be due to a small temperature de-
pendence of γ̄. As seen in fig. 6(b), the value of γ̄ is adopted

in order to match the resistivity minimum at 430 K and, thus,
corresponds to γ̄ at this temperature. This value will be used
in the subsequent simulations of irradiated alloys, since it best
describes the isochronal experimental data.

Finally, it is noted that Sauthoff estimated originally a value
of γ̄ = 9 mJ/m2 [60]. The small discrepancy with the values
obtained here may be due to the indirect nature of his analy-
sis, which considered only the final precipitate size and density
after an elaborate 2-step ageing. In contrast, electrical resis-
tivity measurements used here give information throughout the
annealing process.

5.3. Simulation of precipitation in the irradiated Fe-N alloy

The simulation starts at T ∼ 250 K, i.e., just after recovery
stage III. As discussed in detail below, it is assumed that dur-
ing this stage most mobile vacancies are trapped by N via the
reaction

V + N→ VN. (22)
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leading to a VN cluster concentration XIII
VN . Due to defect num-

ber balance, eq. (12), we have

XIII
VN =

∑
n≥4

n XIII
In

= XIII
FP, (23)

where XIII
In

are the concentrations of SIA clusters and XIII
FP de-

notes the effective number of FPs after stage III.
As the annealing temperature approaches 300 K, N solutes

start to migrate and react with VN to form higher order clusters.
However, as was shown by the DFT results of Barouh et al.
[17], VNk clusters with k > 2 are energetically unfavourable.
The current DFT calculations also support this finding. Thus,
in our defect simulation we consider only the formation of VN2
by the following reaction

VN + N→ VN2. (24)

At even higher temperatures the vacancy-N clusters become
unstable and begin to dissociate by emitting N atoms until free
mono-vacancies are obtained. The latter migrate swiftly and
recombine with the remaining SIA clusters according to the re-
actions

V + In → In−1, (25)

which finally lead to the annihilation of the majority of radi-
ation defects with only a small debris of larger SIA clusters
remaining.

The reactions (22), (24) and (25) define a set of rate equa-
tions, of the type of eq. (8), for the evolution of defect con-
centrations. These, together with the nucleation and growth
expressions, eqs. (4) and (5), respectively, are employed for
the simulation of our experimental results. The parametriza-
tion of the rate equations relies mainly on DFT results obtained
in the present work and also in [28]. These include the mi-
gration energies of vacancies, N solutes and SIA clusters and
the temperature dependent dissociation free energies of VN and
VN2. The reaction distances rAB, used in the definitions of for-
ward reaction rates, are taken from previous simulation work:
for the reactions between vacancies and SIAs the rAB are taken
from [28]; for reactions (22) and (24) we consider the rAB val-
ues given in [15] for similar processes involving C instead of
N. The vacancy-SIA cluster reaction rate corresponding to eq.
(25) is RV−In = 4πrV−In̄ DV n̄ XV

∑
n XIn , where n̄ is the average

cluster size and
∑

n XIn the total SIA cluster concentration [18].
We assume n̄ ≈ 4 in accordance with previous simulations [28].
The most important parameter values are listed in Table 4.

The purpose of the modelling is to make a quantitative com-
parison to the experimental results and for that we need to cal-
culate the electrical resistivity from eq. (17). Among the pa-
rameters entering this equation we have no information, exper-
imental or theoretical, regarding the resistivity contribution of
vacancy-N complexes and specifically the quantities

δρVnNk = ρVnNk − n ρV − k ρm
N, (26)

which express the difference in resistivity between a VnNk clus-
ter and a situation where all entities of that cluster exist as sepa-
rate objects in the α-Fe matrix, at large distances to each other.

With the clustering reactions considered in the present model,
only two such quantities are needed: δρVN and δρVN2 . Their
values will be adjusted to fit the experimental results. We can
devise two conditions that these quantities must obey in order
to be compatible with the experiment. First, at T ∼ 250 K, the
starting point of the simulation, it is clear for fig. 1 and the data
of Table 3 that ∆ρ/∆ρ0 in Fe-N is equal to 17.8% independently
of dose. Furthermore, according to our above assumptions, the
remaining defects at this point are mainly VN and In clusters;
thus, from eqs. (17) and (23) we can write the following condi-
tion:

∆ρIII

∆ρ0
=

(
1 +

δρVN

ρFP

)
XIII

FP

X0
FP

= 17.8%, (27)

which couples δρVN and the effective fraction of FPs surviving
stage III, XIII

FP/X
0
FP, to the experimentally measured resistivity

recovery at the end of stage III, ∆ρIII/∆ρ0. We note here that
∆ρIII/∆ρ0 is dose independent according to experiment and,
hence, the same must be true for the ratio XIII

FP/X
0
FP.

A second condition can be obtained by observing from fig. 3
that at the highest irradiation dose and in the temperature range
350 to 480 K, the dip in the resistivity that is a characteristic
signature of α′′ precipitation has disappeared and thus we can
assume that precipitation has been fully suppressed. The resis-
tivity in this temperature range, which is almost constant, must
be due to SIA and VNk≤2 clusters. However, due to the high N
concentration, almost all VN clusters have attracted a second N
atom during the N migration stage and formed VN2; thus, in the
range 350 to 480 K we have basically only VN2 clusters. With
this assumption, from eq. (17) we can write

∆ρh = ρFPXFP + δρVN2 XVN2 , (28)

where ∆ρh is the average high dose ∆ρ in the aforementioned
temperature range, equal to approx. 44 nΩ-cm. Additionally,
according to the assumptions of our model, up to about 480 K
only the reactions (22) and (24) are active which do not cause
defect annihilation and thus the effective number of FPs re-
mains unchanged and equal to XIII

FP. Hence, the last equation
can be rewritten as

∆ρh

∆ρ0
=

(
1 +

δρVN2

ρFP

)
XIII

FP

X0
FP

= 4.4%. (29)

From eqs. (27) and (29) it is apparent that from the three un-
known parameters, ∆ρVN, ∆ρVN2 and XIII

FP/X
0
FP, only one needs

to be adjusted in order for the model to better fit the experimen-
tal data. We chose to adjust the ratio XIII

FP/X
0
FP and it was found

that a value of 24% resulted in the best comparison. The most
important aspect that critically defines the choice of XIII

FP/X
0
FP is

to obtain from the model the same gradual reduction of precipi-
tation as seen experimentally. The final values of all parameters
are given in Table 4.

Figure 7 shows the simulation results for the partitioning of
N atoms among the Fe matrix, the VN & VN2 clusters and the
α′′ precipitates as a function of annealing temperature for the
three irradiation dose levels. As it is seen in the figure, the N
fraction trapped by vacancies at 250 K doubles at about 300 K
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Table 4: List of model parameters.
Parameter Description Value Source

α′′ (Fe16N2) precipitates
ε Aspect ratio of α′′ particle half-axes 0.05 [60]
A Elastic self-energy of the coherent α′′ particle 900 MJ/m3 [60]
γ̄ Effective interfacial energy 7.6 mJ/m2 Fit (Section 5.2)

Defect and N solute atom parameters
D0

N Pre-exp. factor for the N diffusion coefficient 0.53×10−7 m2/s [70]
Em

N N Migration barrier 0.72 eV DFT calc.
D0

V Pre-exp. factor for the V diffusion coefficient 1.01×10−7 m2/s DFT calc.
Em

V V migration barrier 0.69 eV DFT calc.
∆Gb(VN) Gibbs free binding energy of VN Fig. 5 DFT calc.
∆Gb(VN2) Gibbs free binding energy of VN2 Fig. 5 DFT calc.

Resistivity calculation
ρFP Frenkel pair resistivity in Fe 3.0 nΩ-cm / appm [77]
ρm

N N resistivity in Fe matrix 0.6 nΩ-cm / appm [34]
ρ

p
N N resistivity in Fe precipitate 0.24·ρm

N Fit (Section 5.2)
δρVN VN resistivity difference, eq. (26) -0.78 nΩ-cm / appm Fit (Section 5.3)
δρVN2 VN2 resistivity difference, eq. (26) -2.5 nΩ-cm / appm Fit (Section 5.3)

Experimental condition
XIII

FP/X
0
FP defect ratio after stage III (at T ∼ 250 K) 24% Fit (Section 5.3)
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Figure 7: Simulated evolution as a function of temperature of the fraction of N atoms in solid solution, Xm
N/X

0
N, in VN clusters, XVN/X0

N, in VN2 clusters, 2XVN2/X
0
N,

and in α′′ precipitates, FpXp
N/X

0
N, during isochronal annealing of an irradiated Fe-N alloy with initial N concentration X0

N = 0.048 at.% at (a) low, (b) medium and
(c) high dose. The effective atomic concentration of Frenkel pairs at 250 K, after stage III, XIII

FP, is indicated in each graph.

where VN clusters become VN2 during the N migration stage.
This results in an equal reduction of the N fraction in the ma-
trix. At low dose this reduction only slightly affects the precip-
itation process. This is evident from a comparison of fig. 7(a)
to fig. 6(c) which shows essentially the same quantities in the
unirradiated case. When the dose rises to the level correspond-
ing to fig. 7(b), the reduction of free N solutes starts to severely
hinder α′′ nucleation and finally at the highest dose α′′ nucle-
ation is not observed. Above 450 K the precipitates in the low
and medium dose start to dissolve and at about 480 K all N
from the precipitates is released back to the matrix. At slightly
higher temperature, at about 520 K, the VN2 also dissociate and
the N concentration in the matrix goes back to its initial value.

The corresponding simulated evolution of the electrical resis-
tivity is shown in fig. 8 as a function of annealing temperature
for the three irradiation doses and the unirradiated alloy. Com-
paring to the experimental results of fig. 3 it is seen that there
is very good agreement and that the model reproduces quan-

titatively most of the experimental aspects. The simulated ∆ρ
at Ta = 250 K are very similar to the experimental ones and
scale with dose as expected from eq. (27). The rapid decrease
observed between 280 − 300 K corresponds to the N migra-
tion stage and the reaction (24). In the experiment this is seen
at slightly higher temperatures, 290 − 310 K. After this stage
there are essentially only VN2 clusters and the simulated resis-
tivity levels-off at a value defined by δρVN2 . This corresponds
to the measured resistivity at ∼ 330 K. In the α′′ precipitation
region, 350 − 480 K, the characteristic dip of the resistivity is
observed in the simulations, as expected, with the minimum
occurring at exactly the same temperature, 430 K, and with the
same value of ∆ρmin as in the experiment. As the irradiation
dose increases, the depth of this minimum is reduced. This is
also observed experimentally; however, there is a qualitative
difference: in the experiment the temperature of the minimum
is dose-independent whereas in the simulation it shifts to higher
temperatures with increasing dose. At the highest dose precip-
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600 K. Results are shown for unirradiated material as well as irradiated to three dose levels leading to the corresponding initial effective Frenkel pair concentration,
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FP.

itation is suppressed and the resistivity dip does not occur. The
simulated high-dose resistivity is flat from 310 up to 480 K,
whereas, the corresponding experimental curve shows a slight
upward variation with temperature in the same region. This be-
haviour is not captured by the model. Finally, the simulated
resistivity curves start to decrease above 500 K and return to
∆ρ = 0 at about 560 K. This is due to the break-up of vacancy-
N clusters and the recombination of the released free vacancies
with SIA clusters. In the experiment this reduction is seen to
start at a slightly lower temperature, ∼ 480 K.

6. Discussion

6.1. Resistivity recovery up to 250 K

We discuss here the recovery stages occurring in proton ir-
radiated Fe and Fe-N during isochronal annealing up to 250 K,
i.e., up to stage III. An attempt is made to clarify the underlying
defect reactions based on comparison to previous experimental
and theoretical work. A summary of the most important defect
processes for each stage is given in Table 5.

The close-pair stages IA - IC are observed at about the same
temperature for Fe and Fe-N and these temperatures are in
agreement with previous results from electron irradiated pure
Fe [10]. However, the total recovery we observe here in these
stages, Acp ≈ 11 − 14%, is about a factor of 2 smaller than in
electron irradiation experiments [10]. This can be understood as
follows. Close FP configurations are due to low energy recoils
near the displacement threshold. Such events occur frequently
in electron irradiation. In contrast, proton irradiation results in
much higher recoil energies on the average; thus, the fraction

of low energy events and consequently the number of close FPs
is significantly reduced.

The largest percentage of defect annihilation in Fe is due to
correlated recombination in stage ID, where SIAs become mo-
bile and after a relatively small number of atomic jumps re-
combine with their respective vacancies. From the total ID re-
covery in Fe, AD(Fe) = 54.9%, we can obtain an estimate of
the average initial SIA-vacancy separation distance, rp. Ac-
cording to diffusion theory [78] the fraction of FPs undergoing
correlated recombination is equal to rIV/rp, where rIV is the
SIA-vacancy recombination radius equal to 3.3 a0 [28]. Ex-
cluding close FPs, which recombine before ID, we can write
rIV/rp ≈ AD(Fe)/(1 − Acp) = 0.61 and thus rp ≈ 5.4 a0. This
is higher than the value of 4.3 a0 obtained previously from an
analysis of electron irradiation results [79]. The discrepancy
can be again attributed to the higher primary knock-on atom
(PKA) energy in proton irradiation, which results in a larger
initial SIA-vacancy separation.

In Fe-N the total ID recovery is AD(Fe-N) = 41.6% while
IE is totally suppressed. The effect of N on IE has also been
observed in electron irradiated Fe-N of similar N concentra-
tion [12] and it was attributed to trapping of mobile SIAs at N
solutes. Furthermore, in electron irradiated Fe-C [10] the sup-
pression of IE was reported and attributed to C trapping of SIAs.
Jourdan et al. [15] simulated these Fe-C resistivity recovery
experiments using DFT and kinetic Monte-Carlo methods and
showed that C reduces the possibility of I − V recombination
due to the formation of I − C complexes. It is expected that N
has a similar behaviour. In the present experiments we do not
only see the effect of trapping on IE but we also observe a strong
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Table 5: Recovery stages and associated defect reactions in proton irradiated Fe and Fe-N. The fractional recovery is given for reactions that involve defect
annihilation. The defect fraction remaining at the completion of each stage is also shown. Numbers in parentheses are based on assumptions discussed in the text.

Stage T Defect Reaction Reco-
very

Remaining
Defects T Defect Reaction Reco-

very
Remaining

Defects
(K) (%) (%) (K) (%) (%)

Fe Fe-N

Close FP
IA - IC

40 - 90 I + V → ∅ 11.3 40 - 90 I + V → ∅ 13.8
88.7 86.2

ID

108 I + V → ∅ (Corr.† ) 54 107 I + V → ∅ (Corr.† ) 41.6
I + N→ IN (Corr.† )

33.8 44.6

IE

120-140 I + V → ∅ (Uncorr.‡ ) 3.6 120-140 -
I + In−1 → In I + In−1 → In

I + C→ IC I + N→ IN
30.2 44.6

II

164 IC→ I + C & 161 IN→ I + N &
I + V → ∅ 7.7 I + V → ∅ 12.5

In + V → In−1 In + V → In−1
In + Im → In+m In + N→ InN

22.5 32.1

III

187 (A) V + Vn−1 → Vn (intra-cascade) 195 InN→ In + N &
In + V → In−1 (8.1)

221 (B) V + C→ VC V + N→ VN
(24.0)

N-stage 300 N + VN→ VN2
(24.0)

† Recombination reaction of spatially correlated defects
‡ Uncorrelated recombination reaction

reduction of ID. This is attributed to the larger rp in proton irra-
diation, which results in increased probability of SIA capture by
N atoms during their longer random walk. Correlated recombi-
nation in the presence of traps has been studied theoretically by
Schroeder [80]. According to his work the reduction of ID due
to trapping, FD, is

FD ≈ 1 −
√

8π
rp − rIV

a0

√
XT rIT

a0
(30)

where XT is the atomic concentration of traps and rIT de-
notes their capture radius. The last equation is valid for small
trap concentrations, where XT rIT /a0 � 1. Setting FD =

AD(Fe-N)/AD(Fe) ≈ 0.76 according to the present experiments
and using the values of rp and rIV reported in the previous para-
graph, it is obtained that XT rIT /a0 ≈ 5.2×10−4 and rIT ≈ 1.1 a0,
assuming that XT is equal to the N concentration in our speci-
mens. This value of rIT is very similar to 1.3 a0 found experi-
mentally for the trapping of SIAs by carbon atoms [10].

The stage II peak observed at 164 K in the recovery of Fe
(cf. fig. 2) is very similar to the one observed previously in
electron irradiated, carbon-doped Fe [10] with comparable ∆ρ0,
which was attributed to SIA de-trapping from C atoms. Our Fe
samples also contain a small concentration of residual carbon
impurities (cf. Table 1); thus, the stage II peak can be attributed
to the same mechanism. In Fe-N there is significant more trap-
ping of SIA defects due to N, as the above discussion of stage
I has shown. It is expected that de-trapping of these defects
will also occur in stage II similarly to the de-trapping from C.
Indeed, Fe-N exhibits higher recovery in stage II compared to

Fe and this can be attributed to de-trapping from N. This has
also been assumed by other authors [12]. However, not all of
the N-trapped SIAs are released in stage II. If we compare the
percentage of retained defects at the end of stage II in Fe-N
(32.1%) and Fe (22.5%) we see that Fe-N has about 9.6% more
retained defects. These can only be SIAs that remain trapped
by N, presumably in higher-order, stable SIA-N configurations,
e.g., InN with n = 2, 3, which form either by capture of mobile
small SIA clusters or by re-trapping of single SIAs. A simi-
lar assumption has been employed for SIA-C interactions by
Jourdan et al. in their analysis of resistivity recovery in Fe-
C [15]. Based on DFT calculations, these authors obtained a
binding energy of 0.2 and 0.33 eV for IC and I2C, respectively,
making the I2C cluster more stable. If the stage II activation
energy of 0.55 eV measured in Fe-N is ascribed to the disso-
ciation of IN complexes, then the resulting binding energy is
Eb(IN) = 0.21 eV, taking into account the SIA migration bar-
rier of 0.34 eV [69]. This value of Eb(IN) agrees very well with
that reported by Jourdan et al. for IC.

The double peak observed in the stage III recovery of Fe is
in agreement with previous experiments. Murakami et al. [31]
observed two peaks at 202 K and 232 K in the recovery of pro-
ton (E = 1 MeV) irradiated Fe. Matsui et al. [81] performed
fusion (E = 14 MeV) and fission (E > 1 MeV) neutron irradi-
ations of ultra pure Fe and found a broad peak between 170 K
and 210 K (named IIB) and a second feature between 220 K and
240 K, which they called IIC . In these works the lower temper-
ature peak was attributed either to di-vacancy migration [81]
or to intra-cascade vacancy clustering [31]. This is also sup-
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ported by the positron annihilation experiments of Hautojärvi
et al. [82], who observed that the size of vacancy-type defects
increases below 200 K in neutron-irradiated pure iron. Thus, we
also attribute the IIIA stage to intra-cascade vacancy clustering
reactions. On the other hand, IIIB is most probably associated
with long range vacancy migration and subsequent annihilation
at immobile SIA clusters or interaction with residual C impuri-
ties and formation of stable VC pairs [9, 10, 14, 15].

In stage III recovery of Fe-N only a single feature at 199 K
is observed (cf. fig. 2). We assume that it is primarily related
to the interaction of mobile vacancies with N resulting in the
formation of VN clusters in a manner similar to the vacancy-C
reaction [9, 10]. This interpretation has also been proposed in
[12] for a stage at 220 K found in electron irradiated, N-doped
Fe. The higher N concentration in our specimens accounts for
the fact that we observe this feature at a lower temperature. The
measured stage III activation energy of 0.68 eV is in agreement
with the vacancy migration barrier, Em

V = 0.69 eV obtained in
the present DFT calculations and agrees also with previous the-
oretical predictions [28, 83]. However, it is noted that a lower
value for the activation energy, 0.55 eV, has been found earlier
in stage III recovery of electron irradiated, ultra pure Fe [10].
Recently, it was suggested that the value of 0.55 eV may cor-
respond to an average of the migration energies of V , V2, V3
and V4 [84]. In addition to vacancy migration, it is possible
that in the same temperature range we have also the dissocia-
tion of In≥2N complexes with subsequent recombination of the
emitted SIAs at vacancies. In that case, the observed activation
energy of 0.68 eV would correspond to an In≥2N binding energy
of 0.34 eV, if the SIA migration barrier (0.34 eV [69]) is taken
into account. Such a process has been also proposed for In≥2C
clusters in the Fe-C recovery simulations of [15], where a sim-
ilar binding energy of 0.33 eV was obtained for I2C clusters.
In≥2N dissociation in stage III is also consistent with our model
for the subsequent Fe-N resistivity evolution (cf. section 5.3).

6.2. The N recovery stage

The large recovery stage observed at 300 K in Fe-N is most
certainly related to the migration of N to irradiation induced
sinks. Similar observations have been previously made by a
number of workers. Wuttig et al. [5] studied neutron irra-
diated, N doped Fe by means of magnetic disaccommodation
techniques and observed the trapping of N at 313 K. Weller
and Diehl [7] performed internal friction measurements after
neutron irradiation of dilute Fe-N and observed the disappear-
ance of the Snoek peak at 298 K. Finally, magnetic after effect
(MAE) spectra of electron and neutron irradiated Fe-120 appm
N alloys showed features at 295 K and 310 K, which were also
attributed to trapping of N atoms [11]. In these works, the trap-
ping centres where considered to be either vacancies [7, 11] or
SIA clusters [5]. On the other hand, Nikolaev & Kurennykh
[12] did not detect any similar feature close to 300 K in their
resistivity recovery study of electron irradiated, N-doped Fe.
These authors observed a peak at 250 K, which they attributed
to the dissociation of VN clusters. In the present experiments
we do not find evidence for such a recovery feature.

The N stage is very similar to the resistivity recovery stage
observed at about 340 K in electron irradiated dilute Fe-C [10].
The slightly higher temperature is due to the lower mobility of
C. As has been rightly postulated in earlier works [9] and later
confirmed by theoretical modelling [15] the underlying mecha-
nism causing the C recovery stage is the reaction between VC
and C towards the formation of VC2. The present experiments
and theoretical modelling show that the behaviour of N is very
similar. A direct comparison between experiment and simula-
tion can be done by observing figs. 3 and 8, respectively, in
the range 250 to 330 K. The experimentally estimated activa-
tion energy of 0.78 eV is only slightly higher that the DFT re-
sult (0.72 eV). This is why the simulated stage appears at lower
temperature (285 K) than in the experiment (300 K). In com-
parison, previous experiments indicated a value of 0.74 eV for
the N migration barrier in this temperature range [70], while
DFT calculations by other workers gave values of 0.79 [13] and
0.72 eV [85].

The good quantitative agreement with respect to the magni-
tude of resistivity recovery in the N stage is due to the fitted
values of δρVN and δρVN2 shown in Table 4. Both parame-
ters are negative, i.e., the cluster resistivity is smaller than that
of isolated defects. For VN, this can be understood from its
DFT predicted configuration, where N relaxes from its octa-
hedral site towards the vacancy, thereby lowering the overall
lattice deformation. Similar arguments have been used previ-
ously [10, 15] to account for the resistivity of VC. Experimen-
tally it was estimated that the corresponding parameter for C is
δρVC = −1.2 nΩ-cm/at.ppm [10]; this is lower that the value ob-
tained here for VN (−0.78 nΩ-cm/at.ppm). For VC2, the value
δρVC2 = −0.95 nΩ-cm/at.ppm has been used in [15], whereas
for VN2 we find here a significantly lower value (−2.5 nΩ-
cm/at.ppm). The discrepancy is most probably due to the differ-
ent configuration of the clusters. In VN2, DFT shows that the
interstitial solutes are positioned symmetrically on both sides
of the vacancy, forming a dumbbell parallel to 〈001〉. It is ex-
pected that this symmetric configuration lowers the overall lat-
tice deformation thereby reducing the resistivity contribution.
In contrast, VC2 does not exhibit this symmetry [17] and con-
sequently the resistivity reduction is not so strong.

6.3. α′′ precipitation in irradiated Fe-N
Our experiments show that the presence of a sufficient

amount of radiation defects can suppress the nucleation of the
metastable α′′ phase in a supersaturated Fe-N alloy. This is
in agreement with previous high-voltage electron microscopy
(HVEM) experiments [6, 8], where Fe-N specimens with N
concentration between 0.05 and 0.12 at.% were electron irra-
diated in the HVEM and subsequently aged at temperatures
400 - 430 K. Precipitates were not observed in the irradiated
parts of the specimens, while on the non-irradiated region there
was ample nucleation of α′′ particles. The authors attributed
their findings to trapping of mobile N by vacancies, assuming
that vacancies were immobile at the ageing temperature. The
present quantitative interpretation of our experiments by a de-
tailed model confirms that indeed it is the interaction between
vacancies and N that cause these phenomena. However, a more
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detailed picture of the process becomes clear: mobile N and
vacancies interact to form immobile VN clusters, which may
subsequently accommodate another N atom and become VN2.
The trapped N atoms do not participate in precipitation reac-
tions and this can lead even to a complete suppression of ni-
tride nucleation if the vacancy concentration is sufficiently high.
Furthermore, our results show that small defect clusters, either
VNk≤2 or In, do not act as nitride nucleation centres.

6.4. Dissociation of vacancy-N clusters
The dissociation of vacancy-N clusters can be better ob-

served in the high-dose irradiation where α′′ precipitation does
not occur. Fig. 9(a) shows the experimental and simulated
resistivity recovery rate in the annealing temperature range
400 ≤ Ta < 600 K. There is a recovery stage observed ex-
perimentally at 490 K, while in the simulated curve it is seen
at 510 K. The simulation shows that the recovery is due to the
break-up of VN2 and VN complexes and the annihilation of the
released vacancies at SIA clusters. Fig. 9(b) shows the simu-
lated evolution of XVN and XVN2 as a function of temperature. It
is observed that XVN2 decreases sharply between 480 and 560 K.
At the same temperature range, there is a small increase in the
concentration of VN, which are intermediate products in the re-
action chain of VN2 dissociation.

As shown in Appendix A, the activation energy associated
with the dissociation stage is Qd = Em

V +∆Gb[VN]+∆Gb[VN2].
From our DFT results for the VN and VN2 binding energies
(both ∼ 0.70 eV at T ∼ 500 K) and the vacancy migration
barrier (0.69 eV) we obtain QDFT

d = 2.1 eV. This corresponds
to the 510 K peak observed in the simulated resistivity data
of fig. 9(a). The approximate second-order kinetic law given
by eq. (A.7), shown by a continuous curve in fig. 9(a), de-
scribes adequately the simulated kinetics. Taking into account
the temperature difference ∆T = 20 K from the experimental
peak and further assuming that ∆Qd/Qd ≈ ∆T/T , we find the
corresponding experimental value for the dissociation energy,
QExp

d ≈ 2.0 eV. Hence, there is exceptional agreement between
theory and experiment taking into account the relevant mea-
surement and calculation uncertainties.

The observed dissociation temperature is in good agreement
with previous experiments. The release of N in the matrix was
observed between 490 K [7] and 500 K [5, 11] in electron or
neutron irradiated Fe-N. However, the corresponding binding or
dissociation energies reported in these works showed large dis-
crepancies. This amplifies the importance of detailed modelling
and simulation in order to extract reliable physical parameters
from kinetics studies.

7. Conclusions

This paper reports on the findings of an integrated experi-
mental and theoretical study of the interactions between radi-
ation defects and N solute atoms in α-Fe. A supersaturated
Fe - 0.048 at.% N alloy has been irradiated with 5 MeV pro-
tons at a temperature of 25 K and at three different dose lev-
els. Electrical resistivity measurements were subsequently per-
formed in-situ during post-irradiation isochronal annealing up

to 550 K. A pure Fe specimen was also studied for compari-
son. The measurements reveal information on the evolution of
radiation defects, their interaction with N and their effect on
the precipitation of metastable α′′-Fe16N2 nitride. Quantitative
modelling of the experimental results was achieved for temper-
atures T ≥ 250 K utilizing density functional theory (DFT) for
key energetic parameters, kinetic rate equations for the defect
reactions and classical nucleation and growth theory to account
for nitride precipitation.

From the low temperature (T < 250 K) resistivity evolution
in irradiated Fe-N the following conclusions can be drawn:

– The resistivity recovery at T ∼ 108 K is consistent with
trapping of mobile SIA defects by N with a trapping radius
of 1.1 a0.

– A part of the N-trapped SIAs is released in stage II, at
T ∼ 161 K, with a binding energy of 0.21 eV.

– Stage III recovery at T ∼ 195 K is attributed to (i) the
trapping of mobile vacancies by N and formation of VN
clusters; (ii) the release of remaining N-trapped SIAs, pos-
sibly from configurations of type In≥2N, with an estimated
binding energy of 0.34 eV.

At higher temperatures (T ≥ 250 K) the experimental obser-
vations are well described by the following model:

– As the temperature approaches 300 K, N solute atoms be-
come mobile and interact with VN to form VN2. Clusters
of higher N content are unstable and do not occur.

– Above 300 K and up to 420 K we have the nucleation of
metastable α′′ nitride precipitates, which then dissolve at
higher temperature up to 490 K. If the N matrix concen-
tration is reduced below a certain level due to trapping at
vacancies, precipitation may not be observed.

– Above 490 K the VN2 and VN complexes dissociate and
the released vacancies annihilate at SIA clusters.

Regarding the DFT obtained defect parameters, the quantita-
tive comparison between theory and experiment shows the fol-
lowing:

– The DFT calculated N migration barrier of 0.72 eV in α-Fe
is entirely consistent with the value of 0.78 eV indicated
by the present experiment.

– The results support previous DFT findings that vacancies
can trap up to two N atoms forming stable VN and VN2
complexes.

– For the dissociation of vacancy-nitrogen clusters, DFT cal-
culations result in an activation energy Qd = 2.1 eV, which
is the sum of the binding energies of VN (0.70 eV) and
VN2 (0.70 eV) complexes plus the vacancy migration en-
ergy (0.69 eV). With this Qd a recovery stage at 510 K
is predicted, while experimentally the stage is observed at
490 K corresponding to an activation energy of 2.0 eV.
Hence, the theoretical prediction is in excellent agreement
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Figure 9: (a) Experimental and simulated resistivity recovery rate of Fe-N irradiated to the highest proton dose for annealing temperature Ta ≥ 400 K . The recovery
stage is due to the dissociation of VNk≤2 clusters. The continuous curve corresponds to the approximate 2nd-order kinetic law of eq. (A.7). (b) Corresponding
simulated evolution of VNk≤2 cluster concentration.

with the experimental observation. This largely clarifies
the previous theoretical-experimental discrepancy regard-
ing the binding energy of vacancy-nitrogen complexes.

Additionally, the following points are also noted:

– The classical theory of nucleation and growth combined
with kinetic reaction rate equations can adequately de-
scribe precipitation phenomena under irradiation. In the
current study, a single phenomenological parameter was
employed for this purpose, the precipitate interfacial en-
ergy, which was obtained by comparison to experiment.

– The formation of VN and VN2 clusters is associated with
a reduction of the electrical resistivity. Specifically, the
values δρVN = −0.78 and δρVN2 = −2.5 nΩ-cm / appm
have been obtained for the VN and VN2 configurations,
respectively, where δρVNk = ρVNk − ρV − k ρm

N with ρX the
specific resistivity of defect species X in α-Fe.
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Appendix A. VN2 dissociation rate

The dissociation of VN2 clusters occurs via the reaction chain
shown below together with the respective reaction rates, R1−3:

VN2 → VN + N, R1 = k1

[
e−∆Gb

VN2
/kBT XVN2 − XVNXN

]
(A.1)

VN→ V + N, R2 = k2

[
e−∆Gb

VN/kBT XVN − XV XN

]
(A.2)

V + In → In−1, R3 = k3 XV

∑
n

XIn (A.3)

where k1 = 4πrVN−NDN/Vat, k2 = 4πrV−N(DV + DN)/Vat and
k3 = 4πrV−In n̄ DV/Vat. In such processes, a steady-state is
quickly established between the rates of creation and annihi-
lation of intermediate products, here VN and V; hence, their
net rate of change becomes approximately zero:

dXVN

dt
= R1 − R2 ≈ 0,

dXV

dt
= R2 − R3 ≈ 0. (A.4)

From the last two equations, it is evident that R1 = R2 = R3, and
we can readily obtain an expression for the VN2 dissociation
rate:

dXVN2

dt
= −R1 =

−
k1k2k3

∑
n XIn XVN2 e−(∆Gb

VN+∆Gb
VN2

)/kBT

k2k3
∑

XIn e−∆G1/kBT + k1k3XN
∑

XIn + k1k2X2
N

(A.5)

The concentrations of intermediate products are gener-
ally much smaller than those of other species, XV , XVN �

XVN2 , XIn , XN; thus, from the balance eqs. (11) and (12) we
obtain

n̄
∑

n

XIn ≈ XVN2 , XN ≈ X0
N − 2XVN2 . (A.6)

Inserting the last two relations in (A.5) and further noting that
the first term in the denominator of (A.5) is negligible with re-
spect to the other two, we arrive at the following approximate
second-order kinetic law for VN2 dissociation:

dXVN2

dt
≈ −K0 e−Qd/kBT X2

VN2
F

(
XVN2/X

0
N

)
(A.7)

The dissociation energy Qd and the rate K0 are given by

Qd = Em
V + ∆Gb

VN + ∆Gb
VN2

, (A.8)

and

K0 =
rV−In D0

V

(X0
N)2Vat

, (A.9)

respectively, while F(x) ≈
(
1 − 3x + 2x2

)−1
. For the purposes

of the present work the approximation F(x) ≈ 1 was adequate.
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