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• Anomalous precipitation of Cr in Fe-rich Fe-Cr alloys is predicted by ab initio modelling, the effect is confirmed by
experimental observations

• Increased local Cr concentration is correlated with the local interstitial impurity content
• The driving force for Cr precipitation is the high stability of [FexCry]3[CaNb] ordered compounds
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ABSTRACT
Using exchange Monte Carlo (MC) simulations based on an ab initio-parameterized Cluster Expan-
sion (CE) model, we explore the phase stability of low-Cr Fe-Cr alloys as a function of vacancy (Vac),
carbon, and nitrogen interstitial impurity content. To parameterise the CE model, we perform density
functional theory calculations for more than 1600 supercells containing Cr-Vac-C-N clusters of var-
ious size in pure bcc Fe, Cr, and Fe-Cr alloys. Our analysis shows that including three-body cluster
interactions in a CE model is necessary for achieving agreement with experimental observations. MC
simulations performed for T = 650K show that Cr clustering in Fe-3.28%Cr alloys does not occur if
there are no defects or if only vacancies are present. But the addition of a small amount of C or N
impurities, at the level as low as 0.02 at.% in an alloy with no vacancies, routinely results in the for-
mation of ordered interstitial compounds containing a high amount of Cr. We find that Cr segregates
to interstitial impurities and that the local Cr content increases as a function of C and/or N concen-
tration in a Fe-Cr alloy. In the presence of vacancies, C/N impurities aggregate to the core regions
of vacancy clusters (voids), making Cr segregation effects less pronounced. The structure of Cr-rich
clusters varies significantly, depending on the impurity content and on the N to C ratio. Predictions
derived from MC simulations agree with experimental observations of Fe-Cr alloys exposed to ion
irradiation. The concentration of Cr found in clusters with C and N interstitial impurities is in qualita-
tive agreement, and the absolute Cr content found in the clusters simulated at 650 K is in quantitative
agreement with experimental atom probe tomography (APT) observations of Fe-3.28%Cr alloys irra-
diated at 623 K, where the measured C and N content of 42±5 and 151±3 atomic ppm likely resulted
from the contamination occurred during ion beam irradiation.

1. Introduction
Ferritic-martensitic Fe-Cr-based alloys and steels, includ-

ing EUROFER and ferritic ODS steels, are among the ma-
terials selected for DEMO first wall and structural applica-
tions [1]. EUROFER steel offers a good overall balance be-
tween mechanical properties, corrosion resistance and good
stability under irradiation, exhibiting relatively low swelling
[2, 3]. However, these steels exhibit radiation hardening at
low temperature even at a moderate radiation exposure. A
possible reason for the loss of mechanical properties is the
formation of precipitates of Cr-rich �′-phase [4, 5, 6, 7] ob-
served even in irradiated alloys with Cr concentration below
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the Cr solubility limit [8]. This effect appears to be associ-
atedwith the radiation-driven clustering of chromium atoms,
resulting in the formation of Cr-rich precipitates. The au-
thors of Refs. [4, 7, 9] proposed that Cr precipitates were as-
sociated with dislocation loops. This suggestion was seem-
ingly supported by studies of crystallographic orientations
of Cr clusters that appeared consistent with the habit planes
of dislocation loops in bcc Fe-based alloys [7]. On the other
hand, Haley et al. [5] observed that Cr-rich clusters in ir-
radiated Fe-9%Cr alloys were consistently characterised by
spherical or faceted geometry. This suggests that there might
be another driving force, different from elastic fields of dis-
location loops, responsible for the formation of Cr-rich clus-
ters forming in the irradiated relatively dilute Fe-Cr alloys.
According to the investigation of HCM12A and T91 alloys
by Jiao et al. [9], there are competing sinks for Cr, including
grain boundaries, phase interfaces, dislocations and inhomo-
geneously distributed ordered Cr phases. For the latter ones,
the mechanism of formation may involve point defects.

Hypothetically, vacancies or interstitial impurities like
carbon (C), nitrogen (N), or oxygen (O), might be responsi-
ble for Cr clustering. The very high concentration of vacan-
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cies in irradiated alloys stems from the generation of Frenkel
pairs [10]. On the other hand, C, N or O atoms are always
present in steels, either as alloying elements or as impurities.
Recent atom probe tomography (APT) experiments showed
that impurities at concentrations as low as a few appm af-
fect the structural evolution of alloys under irradiation. Kuk-
senko et al. [7] observed the co-segregation of Ni, Si and
P in Cr-rich clusters in Fe-Cr alloys with Cr content vary-
ing in the interval from 2.5, 5, 9 to 12 at. %. Moreover, in
Fe-2.5%Cr alloys, higher concentration of C was found in
Cr-rich clusters. Cr carbides were observed also in proton
irradiated HCM12A alloy by Swenson et al. [11], whereas
traces of nitrogen in the regions of Cr enrichment were de-
tected in irradiated Fe-5%Cr alloys by Hardie et al. [4]. Au-
thors of Ref. [12] also described the formation of carbides
and nitrides in Fe-15%Cr alloys, but in a study of Fe-(3–
18)%Cr set of alloys [13] they noted that clustering of Cr
under irradiation occurred only if the Cr content exceeded
6%. Finally, Haley et al. [5] ruled out the possibility of for-
mation of chromium oxides in the clusters, as they observed
no oxygen in the clusters.

This study focuses on the effect of C and N impurities on
the phase stability and microstructure of Fe-Cr alloys, which
also contain vacancies as a feature associated with the effect
of irradiation.

Although the formation of Cr-rich phases in irradiated
Fr-Cr alloys with low Cr content can be attributed to the in-
teraction between radiation point defects, impurities and Cr
atoms in bcc Fe matrix, the exact nature of the processes
responsible for Cr precipitation remain unclear. Earlier the-
oretical studies performed using Density Functional Theory
(DFT) showed that C, N and O impurities strongly interact
with vacancies, forming highly stable vacancy-solute clus-
ters [14, 15, 16, 17]. Vacancies give rise to the effective at-
traction between C or N impurities that otherwise repel each
other in pure bcc Fe matrix. Vacancies also attract Cr atoms
[18] and together with C they may form energetically sta-
ble Vac-Cr-C clusters [19]. However, it is not clear if these
vacancy-mediated interactions can drive the segregation of
Cr atoms in bcc Fe matrix.

Multi-scalemodels for Fe-Cr alloys and compounds, treat-
ing atomic exchange [17], atomic-level kinetic [20, 21] and
object kinetic [22] Monte Carlo (MC) simulations, helped
improve the understanding of structural stability of those al-
loys. To the best of our knowledge, none of these models
explained why Cr-rich precipitates formed in irradiated Fe-
Cr alloys with Cr concentration below the Cr solubility limit.

In this study, we investigate the phase stability of Fe-
3.28%Cr alloys containing vacancies and C and N impuri-
ties. We use a combination of DFT, Cluster Expansion (CE)
method and MC simulations, described in Section 2 of the
paper, and perform experiments to validate our model, see
Section 3. A similar theoretical approach was successful in
explaining the anomalous segregation of Re and Os in irra-
diated dilute W-Re and W-Re-Os alloys [23, 24]. The new
latticemodel for the Fe-Cr-Vac-C-N system introduces a sec-
ond sublattice, in addition to the main bcc lattice, to describe

the octahedral sites. The octahedral sites can be occupied by
C or N impurities. The various binding energies are analysed
in Section 4, whereas in the subsequent sections we sum-
marise the results of MC simulations (Section 5) and APT
experiments (Section 6). Simulations and observations de-
scribing Fe-3.28%Cr alloys are compared in Section 7.

2. Computational methods
The constrained thermodynamic equilibrium of Fe-Cr-

Vac-C-N system as a function of composition, including the
vacancy content and temperature, was investigated using a
combination of Density Functional Theory (DFT), Cluster
Expansion (CE) and Monte Carlo (MC) simulations. Such a
methodology, applied earlier to W-Re-Vac alloys, explained
the origin of clustering of Re atoms in irradiated W-Re and
W-Re-Os alloyswith lowRe andOs content, see [23, 24]. As
an extension of thesemodels, here theDFT-CE-MCmethod-
ology was applied to an alloy where atoms can occupy two
different sublattices: (i) a sublattice of bcc sites, occupied
by Fe or Cr atoms, or bcc vacancies, and (ii) a sublattice
of octahedral sites, occupied by C or N atoms, or by the
"octahedral lattice” vacancies. Vacancies on different sub-
lattices are not interchangeable – for example, a bcc Vac is a
real point defect on the bcc sublattice, whereas an octahedral
Vac simply represents an unoccupied octahedral site. Fig. 1
shows a schematic view of the two sublattices, indicating the
distances pertinent to the definition of the relevant binding
energies.

To construct a CE model, DFT calculations were per-
formed for the following groups of atomic structures:

1. Ordered Fe-Cr structures involving various primitive
unit cells and a 2x2x2 conventional supercell, includ-
ing the structureswith interstitial clusters of C/N/C+N.

2. Clusters with Cr(Fe), Vac, N, C in bcc Fe(Cr) matrix
in a 4x4x4 supercell. These include 2-, 3-, and 4-body
clusters.

3. Compact 8-atom clusters of Cr atoms or vacancies (voids),
defined using 4x4x4 and 5x5x5 supercells.

4. �-cementite-type structures – a prototype of a bcc pre-
cursor to iron carbide – including the structures based
on bcc 12-atom SQS Fe-Cr matrix and their deriva-
tives, containing vacancies and various amounts of C
and N. Fig. 2 provides a visual representation of this
type of structures.

The full DFT database of Fe-Cr-Vac-C-N configurations
used in this study comprises 1671 atomic structures.

DFT calculationswere performed assuming collinear spin
polarization, using the projector augmentedwave (PAW)method
implemented inVASP [25, 26, 27, 28, 29, 30]. Exchange and
correlation were treated in the generalized gradient GGA-
PBE approximation [31]. The core configurations of Fe, Cr,
C andN ions in the PAWpotentials were taken as [Ar]3d74s1,
[Ar]3d54s1, [He]2s22p2, [He]2s22p3, respectively.

The total DFT energies of various structures were eval-
uated using a Γ-centered Monkhorst-Pack mesh [32] of k-
points in the Brillouin zone, with the k-mesh spacing of 0.2Å−1.
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Figure 1: Visualization of distances in a bcc unit cell: bcc
lattice sites are shown as squares, octahedral sites are shown
as circles. Each site is characterised by its two-lattice nearest
neighbour (nn) position with respect to the origin of the Carte-
sian coordinate system, situated at the bottom left corner of
the diagram. Some of the sites (e.g. site 4) can only be occu-
pied by atoms belonging to the bcc lattice. If the origin were
chosen to reside on the octahedral lattice (e.g. on site 2 indi-
cated by a solid circle), there would have been an asymmetry
of similar kind. Examples of the first three nn, involving pairs
of sites on the two sublattices, are shown in identical colors
– green, blue and red for the 1nn, 2nn and 3nn sites, respec-
tively. Labels next to the bcc sites indicate distances given in
the units of the bcc nearest neighbour distance (NN).

This corresponds to a 14x14x14 k-point mesh for a conven-
tional bcc unit cell. The plane wave cutoff energy used in
the calculations was 400 eV. The total energy convergence
criterion was set to 10−6 eV/cell, and the force components
relaxation cutoff was set to 5 ⋅ 10−3 eV/Å.

The binding energies of defect clusters were assessed to
verify if a clustered configurationwere energetically favourable
compared to separate defects, in various alloy configurations.
The energies were computed as follows:

Ebind(a ⋅ C, b ⋅ N, c ⋅ Vac, d ⋅ Cr) =
a ⋅ Etot(1 ⋅ C) + b ⋅ Etot(1 ⋅ N)+
c ⋅ Etot(1 ⋅ Vac) + d ⋅ Etot(1 ⋅ Cr)−
Etot(a ⋅ C, b ⋅ N, c ⋅ Vac, d ⋅ Cr)−

(a + b + c + d − 1) ⋅ E(Fe) (1)
where a is the number of C atoms, b is the number of N
atoms, c is the number of vacancies, d is the number of Cr
atoms in the Fe matrix. Etot(1 ⋅C), Etot(1 ⋅N), Etot(1 ⋅V ac),
Etot(1 ⋅ Cr) and Etot(a ⋅ C, b ⋅N, c ⋅ V ac, d ⋅ Cr) are the
total energies of Fe supercells containing one C atom, one
N atom, one vacancy, one Cr atom and a cluster of these
atoms, respectively. A positive value of the binding energy
implies that defects attract each other and can form a clus-
ter, whereas a negative value of Ebind indicates that that theformation of a defect cluster is energetically not favourable

Figure 2: Sketch of �-cementite, treated as a bcc precursor of
the cementite phase. Bcc sites are shown as squares, whereas
occupied octahedral sites are shown as circles. A black cube in
the middle of the diagram represents a conventional bcc unit
cell. The red parallelepiped represents an �-cementite primitive
cell. Unit vectors of the primitive lattice are given in the nn,
NN and lattice parameter (a) units. The shortest distance
between a pair of two occupied octahedral sites is either 5nn
(cyan dash-dotted lines) or 6nn (pink dotted lines).

and, if created, such a cluster would decompose into separate
individual point defects.

To investigate the finite-temperature phase stability, it is
necessary to first evaluate the stability at 0 K, defined by the
enthalpy of mixing Hmix, and then create a Cluster Expan-
sion model and optimize the mapping ofHmix from DFT to
CE to maximise the predictive capability of the model.

The enthalpy of mixing for a chosen alloy configuration,
defined by a vector of configurational variables �⃗ and eval-
uated using DFT, can be written as follows,

HDFT
mix (�⃗) = Etot(�⃗) −

K
∑

p=1
cpE

ref
tot (p), (2)

whereEtot(�⃗) is the total energy of the configuration,Ereftot (p)is a reference energy corresponding to pure component p, K
is the number of alloy components and cp is the average con-centration of each component.

Once the values of HDFT
mix were computed for all the

structures included in the database, the structure inversion
method was applied to generate a CE parameterization. In
the CE model, the enthalpy of mixingHCE

mix is given by

HCE
mix =

∑

!,n,s
J (s)!,nm

(s)
!,n

⟨

Γ(s)!,n(�⃗)
⟩

. (3)

Summation here is performed over all the clusters, distinct
under symmetry operations in the two-sublattice model and
described by the following parameters: ! is the number of
lattice points ("bodies") in the cluster, n is the largest dis-
tance between two points in the cluster defined in terms of
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the nearest neighbour classification of the two-sublatticemodel
(nn), and (s) is the decoration of the cluster, i.e. the oc-
cupation of the lattice points by atoms of different kind in
varying order. J (s)!,nm(s)!,n is the effective cluster interaction
in each cluster, m(s)!,n is the site multiplicity of each cluster
(in per-lattice-site units).

⟨

Γ(s)!,n(�⃗)
⟩

are the so-called clus-
ter functions, averaged over all the clusters with the same
parameters.

A cluster function Γ(s)!,n(�⃗) is a product of orthonormal
point functions of occupation variables j,K (�i) for each clus-ter with the same ! and n,

Γ(s)!,n(�⃗) = j1,K (�1)j2,K (�2)… j!,K (�!). (4)
Sequence (s) = (j1, j2,… , j!) is the decoration of a cluster
by point functions, where a point function is defined as

j,K (�i) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 if j = 0 ,
−cos

(

2�
⌈

j
2

⌉

�i
K

)

if j > 0 and odd,
− sin

(

2�
⌈

j
2

⌉

�i
K

)

if j > 0 and even,
(5)

where �i = i = 0, 1, 2, ...(K − 1) is a number represent-
ing constituent components of a K-component alloy, j is the
index of point functions j = 0, 1, 2, ...(K − 1), and

⌈

j
2

⌉

is
the ceiling function that rounds up a rational number to the
closest integer.

The mapping of Hmix, derived from DFT calculations,
to Hmix obtained from a CE model, parameterised using
the structures included in the database, was done using the
ATAT package [33, 34, 35, 36]. The CEmethod has been re-
cently extended to include voids decorated by transmutation
products in tungsten irradiated at high temperatures [23, 24].

The predictive accuracy of a CE model can be quantita-
tively evaluated using the cross-validation score (CVS) [33]

CV S2 = 1
N

N
∑

i=1

(

EiDFT − E
(i)
CE′

)2
, (6)

where E(i)CE′ is the energy of the i-th structure, predicted by
fitting the CE energies to DFT energies, excluding EiDFT of
the i-th structure.

Various sets of Effective Cluster Interactions (ECIs) were
tested to find the best (minimum) CVS between the DFT and
CE energies. The final set of ECIs includes pairwise interac-
tions up to the third nearest-neighbour coordination shell in
bcc lattice and 3-body interactions involving up to the sec-
ond nearest-neighbour coordination shell in bcc lattice.

Semi-canonical exchangeMC simulationswere performed
using memc2 subroutine of the ATAT package. Various su-
percell sizes have been tested, going up to 49x49x49 bcc
unit cells, and a 37x37x37 supercell was selected as the op-
timal choice from the perspective of representability of the
observed structures and the time cost. The optimal num-
ber of equilibration and accumulation Monte Carlo steps is

2000 per atom – this value has been used in all the MC sim-
ulations. For each composition, simulations were performed
assuming a fixed temperature of 650 K, and starting from a
disordered state.
2.1. DFT and CE model overview

Comparison ofmixing enthalpies deduced fromDFT and
CE for the entire Fe-Cr-Vac-C-N database is given in Fig. 3(a),
where Fe-Cr structures without vacancies and interstitials
are shown separately. Notably, the model is able to repro-
duce the region of Fe-rich structures characterised by neg-
ative values of Hmix. By comparing the enthalpies of mix-
ing of non-defective Fe-Cr structures and those containing
defects, we conclude that the addition of the latter can dras-
tically change Hmix and stabilize or destabilize the corre-
sponding structures. Among the ordered structures, the low-
est enthalpies of formation correspond to structures based on
the �-cementite Fe3C phase (which is a potential bcc precur-
sor of the cementite phase [37]) where some of the Fe and C
atoms are replaced by Cr and N, respectively (see Fig. 3(b)).

The enthalpies of formation of �-cementite-like struc-
tures [FexCry]3[CaNb], where x, y denote the concentrationof the corresponding alloy components on the bcc sublattice,
and a, b on the octahedral sublattice, are shown in Fig. 3(b).
The most stable structures across the entire concentration
range are the ones containing only nitrogen (N) on the in-
terstitial sublattice. All these structures have negative for-
mation enthalpies. The least stable are the structures con-
taining only C on the interstitial sublattice, and all of them
have positive formation enthalpies. The most stable mixed
structures at each Cr concentration are those involving both
N and C interstitial impurities, and characterised by a C to N
ratio as a significant physical parameter. We also note that
the enthalpies of formation of [FexCry]3[CaNb] phases de-crease as a function of Cr content. In the next section we
discuss how this phenomenon might be responsible for the
formation of Cr-rich clusters in Fe-Cr alloys containing Cr
concentration below the solubility limit.

The values of effective cluster interaction parameters are
given in the SupplementaryMaterial [38]. The cross-validation
score for the final mapping of HDFT

mix to HCE
mix is 5 meV,

which corresponds to the errormargin of∼60K in theMonte
Carlo simulations described below.

3. Materials and Experimental Methods
3.1. Materials and preparation

Ultra high purity polycrystalline Fe 3wt%Cr and Fe 5wt%Cr
alloys were produced by EFDA under contract EFDA-06-
1901 [39]. Chemical analysis of the alloys in the as-received
condition showed for one of the alloys 5.40 wt% Cr and in
atomic ppm: C 4, S 3, O 6, N 2 and less than 5 P. The
Fe3wt%Cr alloy contained 3.05wt% Cr and in atomic ppm:
C 4, S 3, O 4, N 2 and <5 P. The specimens were cut (25x1x1
mm) by electrode discharge machining and surface damage
removed using SiC abrasive paper of various grades, before
polishing with 9 um and 1 um diamond paste followed by
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(a)

(b)

Figure 3: Enthalpies of mixing of various alloy configura-
tions involving the two sublattices. (a) Hmix computed using
DFT and CE for the entire database, including non-defected
structures (bold lines) as well as structures with vacancies, C
and N (thin lines). (b) Comparison of mixing enthalpies for �-
cementite-type structures [FexCry]3[CaNb] obtained from DFT
(filled symbols) and CE (open symbols). [FexCry]3N structures
are the most stable in the whole of the database.

a chemo-mechanical polish using a suspension of colloidal
silica (0.05 um).
3.2. Ion irradiation

Ion irradiation was performed at the laboratory for ion
beam interactions in Ruđer Bošković Institute (RBI), Croa-
tia. Both specimens were held using the thermal gradient
holder which is described elsewhere [40]. A linear thermal
gradient was imposed on across the length of the specimen
resulting in a range of irradiation temperatures from 150 to
450 °C. Temperatures were monitored by two thermocou-
ples embedded in one sample and thermal imaging. After the
irradiation the cold end and hot end edges were scored with
knife to mark the total irradiated area of 14.0 × 14.5 mm2.
The oval shaped heavy-ion beam (approx. 3 mm wide and
7 mm tall) was rastered over the irradiated area with a fre-
quency of 488 Hz. The defined irradiation area was masked
using aluminium plates to monitor the charge in-situ, and the
masking was performed on the beam before an electron sup-
pressed Faraday cup which was used to periodically check
the beam current for the dosimetry of the exposures. Two
irradiations with 4 MeV Fe2+ ions were performed, each
totalling 3.0 × 1014 ions/cm2, but one with a total time of

32,900 seconds and the other at a higher dose rate in 6840
seconds. This gave a peak damage of 0.3 dpa, and dose rates
of 9.1 × 10−6 (low-dose rate, LDR) and 4.4 × 10−5 dpa/s
(high-dose rate HDR). Damage calculations were made us-
ing SRIM-2013 using a displacement energy of 40 eV and
the "simple" damage calculation method.
3.3. Nanoindentation

AG200 nanoindenter (Keysight, formerly Agilent), with
a Berkovich tip was used to perform nanoindentation. Con-
tinuous stiffness measurement (CSM) mode was used, with
a 2 nm amplitude 45 Hz frequency. The total depth of inden-
tation was 1000 nm to ensure the plastic zone exceeded the
irradiated depth and a target strain rate of 0.05/s was used.
The tip geometry was calibrated using a fused silica refer-
ence sample in accordance with the methodology described
elsewhere [41].
3.4. Atom Probe Tomography

AFEI (OR,USA)HeliosNanoLab 600i focused ion beam
(FIB) was used to prepare atom probe samples from the ion-
irradiatedmaterial using the lift-out and place on siliconmicro-
post array method as described elsewhere [42]. Atom probe
samples were prepared perpendicular to the surface between
200 and 300 nm in depth, corresponding to an irradiation
damage dose of approximately 0.2 dpa.

Atom probe tomography was performed using a Cameca
(Ametec, Madison USA) LEAP 5000 XR using a 355 nm
UV laser and 52% detection efficiency. The pulse frequency
was set to 200 kHz, laser pulse energy of 40 pJ and evapora-
tion rate was kept at 0.005 detected ions per pulse by control-
ling the voltage. The specimen temperature was held at 50
K. Reconstruction of the atom probe data was performed us-
ing IVAS 3.8.4, with an image compression factor of 1.5 and
the 0.20 nm spacing of [110] planes was calibrated by chang-
ing the initial tip radius in the voltage mode reconstruction
method.

Themaximum separation clustering algorithm [43] (IVAS
3.8.4) was used with Cr, C and N core ions. In general, a
maximum separation,Dmax of 0.5–0.6 nm with an order pa-
rameter [44] of 5 provided good selection of the Cr-dense
clusters. The increased order parameter avoided low-density
regions of C and N along zone lines. A filter on the num-
ber of core ions detected was applied to reduce the chance
of including clusters arising from random fluctuations. De-
pending on the data set, this varied between 35 and 150,
to reduce the number of clusters occurring in a randomly
mass-relabelled dataset to 100 times less than the number
of clusters detected in the original data with the same set-
tings [45]. The inclusion/envelope distance and the erosion
distance were both set to half of the Dmax value.

4. Binding energies of defect clusters
Binding energies of defect clusters of size up to 3 (e.g.

2Vac-1C) were analysed as a part of the assessment of phase
stability of Fe-Cr-Vac-C-N alloys. Since our model involves
two sublattices, the smallest clusters may be defined either
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Figure 4: Binding energies of C-C, N-N and C-N pairs in pure
Fe and pure Cr. Negative binding energy indicates repulsion.
x-axis is the distance between two impurity atoms in the bcc-
octahedral two-sublattice model, illustrated in Fig. 1. Markers
give comparison with earlier calculations by a Barouh et al. [17]
and b Domain et al. [14].

on the same sublattice, i.e. as a bcc-bcc defect cluster or as
an octahedral-octahedral defect cluster, as well as an inter-
sublattice bcc-octahedral defect cluster.
4.1. Binding in 2-body clusters
4.1.1. Binding between interstitial atoms, and

interstitial atoms and vacancies
To rationalisewhy the locations of the regionswith higher

Cr concentration in Fe-Cr alloys observed experimentally
correlate with the locations of higher concentration of C and
N impurities, the binding energies of C-C, N-N and C-N im-
purity two-body clusters in Cr and Fe matrices were investi-
gated and compared with literature data.

Fig. 4 and Table 1 show that at smaller distances, the
strength of repulsion between the impurity atoms is high,
corresponding to large negative binding energy. Interaction
between interstitial impurities weakens as the distance be-
tween the interstitial atoms increases, in agreement with the
data given in Refs. [14, 17]. The binding energy for all
the two-body impurity clusters becomes positive in Cr ma-
trix starting from the 3nn distance, implying attraction, com-
pared to the Fe matrix where attraction starts from the 4nn
distance. Interaction between impurities is stronger in Cr
than in Fe. We also find that the N-N (nitrogen-nitrogen)
interaction is always weaker compared to C-C interaction,
except for the case of a N-N pair in Fe matrix at the 1nn
distance. The smallest distances between the interstitial im-
purities in the structure of a bcc-precursor of �-cementite are
5nn and 6nn, and the binding energies at those distances are
positive in the Cr matrix, but are slightly negative or close to
zero in the Fe matrix. This suggests that C and N may form
cementite-type clusters, and this trend is slightly stronger
pronounced in the Cr matrix. The formation of structures
with other type of ordering (e.g. with the shortest distances
between interstitial atoms being 4nn and 7nn) might be more
preferable.

Figure 5: Binding energies of Vac-Vac clusters in Fe and Cr,
shown together with the binding energies of Vac-Cr and Cr-Cr
clusters in Fe as a function of a distance between Cr atoms, in
bcc nearest neighbour units. Literature values are taken from c

Domain et al. [48], d Lavrentiev et al. [18], e Bakaev et al. [49].

4.1.2. Binding in the bcc sublattice
It is important to investigate interaction betweenCr atoms

in a non-defective Fe matrix to see if Cr exhibits any ten-
dency towards precipitation in the absence of C or N impu-
rities or vacancies. Fig. 5 shows that Cr atoms in bcc Fe
matrix repel each other, with repulsive interaction being the
strongest at the 1NN distance, rapidly decreasing as a func-
tion of distance between Cr atoms. At the 3NN distance the
interaction is 8 times weaker than at the 1NN distance, still
remaining repulsive. The values shown in Table 2 illustrate
that Cr-Cr interaction remains repulsive at the 5NN distance.
This agrees with the data from Refs. [46, 47].

Since vacancies form in abundance under irradiation, their
effect on Cr clustering also warrants investigation. Two va-
cancies formwhat is known as a divacancy, referred to below
as Vac-Vac. Vacancies bind at 1NN and 2NN distances in
bcc Fe and Cr matrices and this binding quickly diminishes
as a function of distance between the vacancies, see Fig. 5.
Binding between vacancies in bcc Fe is stronger than in bcc
Cr, and this can make vacancies stay in the Fe-rich part of
the lattice. In bcc Fe matrix the Vac-Vac binding energy is
higher at 2NN than at 1NN distance, and this is reversed in
bcc Cr. Moreover, interaction between vacancies in Cr at
the 3NN distance is repulsive. Vacancies bind to Cr much
weaker than to each other (∼ 0.05 eV versus ∼ 0.18 eV),
and at the 3NNdistanceVac-Cr clusters already start exhibit-
ing slight repulsion, see Fig. 5. This suggests that vacancies
are not expected to facilitate clustering of Cr and instead the
evolution of vacancies gives rise to the formation of vacancy
clusters or voids. Binding energies of Vac-Vac, Vac-Cr and
Cr-Cr clusters are generally in agreement with the literature
values taken from Refs. [48, 49, 18], see Table 2.
4.1.3. Binding of interstitial atoms to vacancies

We now consider interaction between interstitial C and
N atoms with vacancies. Vac-C and Vac-N clusters form
bound configurations in Fe and Cr matrices, with stronger
attraction found in Cr, see Fig. 6. This agrees with the anal-
ysis performed in [17, 14]. Vac-N binding is always stronger
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Table 1
Binding energies computed for C-C, N-N and C-N clusters in pure Fe and pure Cr. Dis-
tances are given in the notations of the bcc-octahedral two-sublattice model, illustrated in
Fig. 1. Literature values from Barouh et al. [17] and Domain et al. [14] are also shown for
comparison.

Dist. 2C in Fe 2N in Fe CN in Fe CN in Cr 2C in Cr 2N in Cr
[nn] [eV] [eV] [eV] [eV] [eV] [eV]
1 -1.874 -1.710 -2.441 -2.345 -1.484 -2.014

-1.9 [17] -2 [17]
2 -0.762 -0.976 -0.897 -0.693 -0.544 -0.784

-0.81 [17] -0.89 [17]
-0.65 [14] -1.05 [14]

3 -0.149 -0.272 -0.215 0.132 0.148 0.065
-0.22 [17] -0.28 [17]
-0.09 [14] -0.4 [14]

4 0.098 -0.005 0.049 0.331 0.403 0.264
-0.02 [17] -0.04 [17]
-0.09 [14] -0.33 [14]

5 0.019 -0.077 -0.004 0.237 0.220 0.168
-0.05 [17] -0.1 [17]
0.13 [14] -0.16 [14]

6 -0.004 -0.093 -0.041 0.169 0.147 0.029
-0.07 [17] -0.09 [17]
0.14 [14] -0.1 [14]

7 0.103 0.045 0.077 0.202 0.295 0.166
-0.09 [17] -0.08 [17]
0.16 [14] -0.03 [14]

Table 2
Binding energies computed for two-body interstitial defect clusters in Fe and Cr as a func-
tion of distance between the atoms, expressed in bcc nearest neighbour units. Literature
values are from Domain et al. [48], Bakaev et al. [49], and Lavrentiev et al. [18].

Distance Vac-Vac in Cr Vac-Vac in Fe Vac-Fe in Cr Vac-Cr in Fe Fe-Fe in Cr Cr-Cr in Fe
[NN] [eV] [eV] [eV] [eV] [eV] [eV]
1 0.176 0.166 -0.870 0.047 -1.122 -0.242

0.14 [48] 0.045 [49] -0.241 [49]
0.175 [18] 0.094 [18]

2 0.066 0.242 -1.008 0.013 -1.407 -0.117
0.23 [48] 0.021 [49] -0.123 [49]
0.234 [18] 0.053 [18]

3 -0.017 -0.004 -1.074 -0.003 -1.287 -0.032
0.045 [18] 0.006 [49]

0.043 [18]
4 -0.808 0.064 -1.133 -0.011 -1.439 -0.034

0.055 [18] -0.016 [49]
-0.01 [18]

5 -0.913 0.071 -1.052 0.028 -1.264 -0.033
-0.001 [18]

than binding in Vac-C except for the case of the 6nn config-
uration. The energy of binding between a vacancy and an
interstitial atom is minimum at the 5nn distance.

Binding energies computed for the C-C, N-N, Vac-C and
Vac-N clusters are generally in agreementwith literature data
[17, 21].

Fig. 6 also shows binding energies of Cr-C and Cr-N con-
figurations. All the binding energies are negative, indicating
repulsion; at the 1nn and 2nn distances Cr-N binding is less

negative compared to Cr-C, and at the 5nn and 6nn distances
the sign is reversed. The data on Cr-C binding agree very
well with the data published in Ref. [49].
4.2. Binding in 3-body clusters

Since 3-body interactions are taken into account in our
CE model, it is necessary to analyze binding energies of 3-
body defect clusters, more specifically, mixed bcc-oct clus-
ters.
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Table 3
Binding energies of Vac-C and Vac-N clusters in pure Fe and pure Cr shown as a function of
the distance between a vacancy and an impurity. Literature values are taken from Barouh
et al. [17], Bakaev et al. [49], Domain et al. [14].

Distance Vac-C in Fe Vac-N in Fe Vac-C in Cr Vac-N in Cr Cr-C in Fe Cr-N in Fe
[nn] [eV] [eV] [eV] [eV] [eV] [eV]
1 0.598 0.866 1.551 1.592 -0.241 0.006

0.41 [17] 0.73 [17] -0.214 [49]
0.47 [14] 0.71 [14]

2 0.053 0.276 0.515 0.532 -0.228 -0.114
-0.16 [17] 0.17 [17] -0.23 [49]
-0.01 [14] 0.2 [14]

5 0.039 0.084 0.247 0.307 -0.079 -0.103
-0.08 [17] -0.01 [17] -0.088 [49]

6 0.257 0.238 0.460 0.350 -0.042 -0.056
0.18 [17] 0.18 [17] -0.048 [49]

8 -0.031 -0.049 0.063 0.041 -0.028 -0.037
-0.04 [17] -0.06 [17] -0.046 [49]

9 -0.022 -0.007 0.022 0.021 -0.022 -0.028

Figure 6: Binding energies of Vac-C and Vac-N clusters in
pure Fe and pure Cr, and binding energies of Cr-C and Cr-N
clusters in pure Fe, shown as a function of the distance between
a vacancy and an impurity atom. At distances of 3nn, 4nn and
7nn there are no 2-body clusters involving atoms residing on
different sublattices, hence such distances are not shown on
the x-axis of the graph. Reference values are taken from a

Barouh et al. [17], b Domain et al. [14], Bakaev et al. [49].

4.2.1. Binding of two interstitial atoms to a vacancy
Defect clusters involving one vacancy and two interstitial

atoms, carbon or nitrogen, bind together when the distance
between the interstitial atoms is larger than their distances
to a vacancy. They exhibit repulsion when the distance be-
tween the interstitial atoms is smaller or equals to the dis-
tance between them and the vacancy, see Fig. 7. The no-
tations used for the horizontal axis in Fig. 7 are as follows:
the first two digits in a label give information about the dis-
tance between a vacancy and each impurity atom, the third
digit is the distance between the impurities. For the case of
a Vac-CN, there are configurations where either C or N is
closer to a vacancy. The difference between the binding en-
ergies of such clusters is quite small and only a cluster with
higher Ebind is shown in the figure. Binding energies de-
rived from our calculations are in agreement with literature

Figure 7: Binding energies of clusters containing one vacancy
and two interstitial atoms in Fe. The notations on the horizon-
tal axis are as follows: the first two digits in a label represent
the distance between each impurity atom and a vacancy, and
the third digit refers to the distance between the impurities.
For example, a 112 configuration corresponds to the occupied
sites 0,1,1 in Fig. 1. Reference values are taken from a Domain
et. al [14] and b Bonny et. al [19].

data [14, 19].
4.2.2. Binding of 2 vacancies to an interstitial atom

A number of 3-body clusters involving 2Vac and C or
N, considered by Barouh et al. [17] in the context of bcc
Fe matrix were also explored for bcc Cr. The binding ener-
gies computed for those clusters are shown in Fig. 8. The
magnitude of attraction is higher in a 2Vac-1N cluster than
in a 2Vac-1C cluster, in the bcc Fe environment. In bcc Cr,
there is no clear difference between the two types of clusters,
but for both cases the binding is stronger compared to their
counterparts in bcc Fe. Similarly to the case of the two-body
vacancy-impurity clusters, the positive binding energies of
the clusters might be responsible for the formation of 2Vac-
C/N clusters in Fe-Cr-Vac-C-N alloys, with possible slight
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Figure 8: Binding energies of 2Vac-C and 2Vac-N clusters in
pure Fe and pure Cr. The notations are as follows: the first two
digits in a label give information about the distance between
each vacancy and the impurity atom, and the third digit refers
to the Vac-Vac distance.

preference of them forming in the Cr-enriched regions.
4.3. Overview of binding energies

From the analysis of binding energies above, we observe
that interstitial atoms attract at large distances but prefer not
to stay too close to each other. This type of interaction favours
the formation of structures with increased yet relatively dis-
perse distribution of interstitial atoms, for example ordered
phases similar to �-cementite-like structures. The addition
of vacancies may modify the behavior of interstitials, and
the strong attraction between vacancies and interstitials may
overcome the repulsion of interstitials at short distances, pro-
moting the segregation of interstitial impurities to vacancies.
Since vacancies attract at the nearest and next-nearest neigh-
bour distances, the above pattern of interaction favours the
formation of voids surrounded by carbon and nitrogen atmo-
spheres.

Cr-Cr repulsion is stronger than Cr-Vac attraction. Cr-
interstitial clusters also have negative binding energies, i.e.
Cr solute atoms and interstitial impurities repel each other,
resulting in that the formation of Cr-C/N clusters appears un-
likely. We note that this does not agree with the earlier anal-
ysis of �-cementite-like structures in Fig. 3(b), suggesting
that Cr3[NxC1−x] structures have negative formation energy
and hence are expected to be stable. This contradiction may
be explained by the fact that the two observations involved
different choices of the reference environment: binding in
2-atom clusters was investigated in pure metals, whereas the
analysis of �-cementite-like structures spans mixed matrices
and significantly higher concentrations of interstitial impu-
rities.

5. Monte Carlo simulations
Interactions in a Fe-Cr-Vac-C-N alloy are complex and

vary significantly, depending on the local composition of the
alloy. To explore effects of segregation in irradiated Fe-Cr
alloys, we performed MC simulations of Fe-Cr-Vac-C-N al-
loys containing 3.28 at. % Cr at 650 K. This corresponds to
the alloy composition and irradiation temperature used for

the experimental observations described in Section 3. MC
simulations assess the thermodynamic equilibrium state of
an alloy at a given temperature.

In what follows, we explore the effect of interstitial C and
N atoms as well as vacancies on the microstructure of Fe-Cr
alloys.
5.1. The role of interstitial impurity atoms in

alloys without vacancies
The effect of C and N impurity atoms on the phase sta-

bility of Fe-Cr-C-N alloys containing no vacancies is shown
in Fig. 9(a). In an alloy containing no C and N impuri-
ties (see the left panel in Fig. 9(a)), the Cr atoms, shown
as grey points, are uniformly distributed over the lattice, in
agreement with earlier theoretical and experimental stud-
ies [46, 50].

If C and N interstitial atoms are present in the system,
usually they are not distributed randomly throughout a su-
percell, but form locally ordered phases, starting from con-
centrations as small as 0.02 at. % (see Fig. 9(a), middle and
right panels). The types of clusters most observed for equal
concentrations of C and N in an alloy without vacancies are
shown in Figs. 10(g) and Figs. 10(h), which are locally or-
dered [Fe,Cr][N,C] and [Fe,Cr]N clusters, respectively. The
ratio of Cr to Fe content in such clusters may vary, but gen-
erally with the increasing concentration of C and/or N in a
cluster, the concentration of Fe in a cluster decreases and
the concentration of Cr increases both for Fig. 10(g) and (h)
types of clusters. The concentration of Cr is higher on av-
erage in clusters of type Fig. 10(h), which contain more N,
compared to Fig. 10(g).

In clusters of type Fig. 10(g), C and N impurities prefer
to group to the impurities of the same type on the interstitial
sublattice. This results either in the formation of a cluster
which is an agglomerate of two parts, with a high concentra-
tion of C or N in either part (as seen in Fig. 10(g)), or, more
rarely, in the formation of a cluster where one impurity type
aggregates in the inner part, and the other in the outer part of
the cluster. Fe atoms are observed more often in the C-rich
part of the cluster. In clusters of Fig. 10(h) type, Fe atoms
are observed only at clusters’ boundaries.
5.2. The role of vacancies

The effect of vacancies on the microstructure of Fe-Cr-
C-N alloys is shown in Fig. 9(b). The concentration of va-
cancies in the structures generated using MC simulations
was 0.005 at. %.

First, we note that vacancies do not form clusters in Fe-
3.28%Cr alloy at 650 K if there are no impurities present in
the material (see the top left panel in Fig. 9(b)).

The effect of vacancies on the clustering of interstitial
impurities is noticeable and is different for C and N intersti-
tials. Nitrogen prefers to occupy the nearest neighbourhood
of any amount of vacancies, even one, which leads to the
formation of multiple of such defect clusters in the simu-
lated cell (see Fig. 9(b) middle left). This type of cluster,
shown in Fig. 10(a), is the smallest one observed throughout
all Monte Carlo simulations.
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(a) 0% C 0.025% C 0.1% C
0% Vac 0% N 0.025% N 0.1% N

(b)
0.005% Vac 0% C 0.025% C 0.1% C

0% N

0.025% N

0.1% N

(c) 0% C 0.025% C 0.1% C
0.025% Vac 0% N 0.025% N 0.1% N

Figure 9: Monte Carlo snapshots comparing Fe-3.28%Cr with varying concentrations of C and N at 650 K for vacancy concen-
trations (a) 0%, (b) 0.005% and (c) 0.025%.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 10: Most observed clusters in compositions presented in Fig. 9, which are various combinations of vacancy concentration
equal to 0, 0.005 and 0.025 % and concentration of C and N equal to 0, 0.025 and 0.1 %. The average size increases from (a)
to (h).

With higher N concentration (Fig. 9(b), bottom left) the
defects aggregate together and form bigger clusters with N
and vacancies (Fig. 10(b)) observed in smaller numbers in
the supercell, compared to the lower N content.

Carbon does not form small clusters and instead usually
forms one big cluster of type Fig. 10(c) in the simulated cell,
which increases in size with increasing C concentration (see
Fig. 9(b) top row).

For identical nominal concentrations of C and N, when
their total concentration does not exceed approximately ten
times the vacancies concentration (Fig. 9(b) center), there
can be observed smallest Vac-N clusters of type Fig. 10(a)
and a new type of cluster – mixed C-N-Vac with C concen-
tration being slightly higher than N, shown in Fig. 10(e). All
C in the supercell is found in this type of cluster at nominal
composition presented in (Fig. 9(b) center).

With increasing C+N concentration above ten times that
of vacancies, only the clusters of type Fig. 10(e) are observed
in the lattice and multiple of such with high C+N concentra-
tion (see Fig. 9, bottom right).
5.3. Effect of higher vacancy content

The microstructure of Fe-3.28%Cr alloys containing C
and N impurities and a higher concentration of vacancies,
namely 0.025 %, is shown in Fig. 9(c). In supercells without
C or N, the vacancies are distributed uniformly in the lattice
(see Fig. 9(c), left panel).

For the concentration of C+N, being 2 times higher than
that of Vac (Fig. 9(c), middle), we observe predominantly
the clusters of type Fig. 10(d). This type is similar to Fig. 10(e)
in that it has all elements considered in the simulations, how-
ever, Fig. 10(d) type has Vac and Fe dominantly on the bcc
sublattice instead of Cr, which is dominant in Fig. 10(e) type
clusters.

Since the interstitial sublattice has 3 times more posi-
tions than the bcc sublattice, it may be assumed as a theo-
retical threshold value in MC simulations when the inter-

stitial sublattice part of the bcc Vac cluster is completely
filled with C and/or N. Below this limit, the interstitials can
be described as situated inside the void. It should be noted
that since the MC simulation model used in this study uses
a rigid lattice, the actual distorted configuration of a defect
cluster with C and/or N inside the void remains effectively
unknown. In a real alloy, the formation of C+Vac clusters
might result in the precipitation of graphite, whereas N+Vac
clusters probably form gas bubbles, i.e. small voids filled
with N2 molecules.

In Fig. 9(c), right panel, the ratio of C+N to Vac is higher
than the aforementioned threshold value, which leads to the
occurrence of clusters of type Fig. 10(f), where the concen-
tration of Cr, although not dominant, is increased compared
to nominal Cr concentration. C atoms are mostly found in
those types of clusters, and N can also be found in multiple
small clusters of type Fig. 10(b) throughout the supercell.

It should be mentioned that voids containing no intersti-
tial atoms have been observed only in the simulations with
nominal vacancy concentrations approaching and higher than
0.1% and resembling a material exposed to a high dose of ir-
radiation [10, 51], although in majority of simulations with
such Vac concentrations the vacancies have been still most
likely distributed uniformly throughout the supercell.
5.4. Summary of Cr clustering as a function of C,

N and vacancy concentrations
Fig. 11 presents the analysis of Cr concentration around

interstitial defects. Themaximum separation distance for the
detection of clusters where the concentration is calculated, is
the same as in APT and MC analysis, and is equal to 0.4 nm.
Due to the lattice nature of MC simulations, the maximum
separation distance there is effectively limited to 0.347 nm=
6nn = 2NN – the largest bcc-oct distance considered in the
model.

As can be seen in Fig. 11, there is a strong correlation
of Cr concentration around interstitial defects with both the
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Figure 11: Concentration of Cr in Cr-C-N-enriched clusters at
650 K. The concentration is calculated using the method of
maximum separation distance with the following parameters:
dmax = dbulk = derode = 0.4nm, nmin = 10. Concentrations of
C and N are equal, %C=%N=%(C+N)/2. Series represent
different nominal concentrations of vacancies in the alloy. All
the data points in the series represent values averaged over 10
simulations with identical parameters, starting from different
random initial positions of atoms. Error bars around each point
show confidence intervals with �=0.95. Dashed line indicates
nominal concentration of Cr in all simulations, 3.28 at.%.

concentration of vacancies and the interstitial defects them-
selves, although the correlation is different in sign. For any
concentration of vacancies, the Cr concentration increases
with the increase of C+N concentration – Cr tends to pre-
cipitate around the interstitial defects. The largest concentra-
tions are observed when there are no vacancies in the alloy
and with the concentration of interstitials as low as 0.01%.
When vacancies are added to the alloy, Cr concentration around
the defects decreases, and this reduction is more pronounced
at higher concentration of vacancies. This is caused by the
formation of voids and aggregation of C/N interstitials in-
side these voids instead of the formation of ordered phases
involving Cr. As can be seen in the figure, the concentra-
tion of Cr does not exceed the nominal concentration when
%Vac =%C+N. Tomake sure that the observed increased Cr
concentration is not caused by the poor choice of the cutoff,
larger cutoff of 0.53 nm = 14nn = 6NN has been tested and
the increased concentration of Cr around interstitial defects
is still observed, with the effect being on average 5% smaller
compared to the 6nn cutoff.

6. Experimental results from APT
Atom probe tomography revealed a high number density

of Cr-rich clusters in the Fe-3.28Cr material irradiated with
the high and low dose rates. Fig. 12 shows a representative
65x65x65 nm3 volume and the clusters which have been de-
tected. Across all samples, the mean cluster number density
was 2.4–6.3×1022 clusters per m3 (95% confidence interval,
CI95%), as defined by the cluster selection parameters given
in the methods section.

Note that these Cr-rich regions, Fig. 12a, also correlate
with increasedC andN contents, shown separately in Fig. 12b.

The initial C and N content is very low, less than 8 ppm in to-
tal, however in the irradiated samples the measured content
of C and Nwas 42±5 and 151±3 atomic ppm (8 experiments
totalling 116 million ranged ions, 2 volumes with excess C
near the original tip surface were excluded). The excess so-
lute measured is likely to be the result of contamination from
the ion beam irradiation, which is commonly observed [52].

Several clusters were observed as being coherent along
the [110] direction and so it is expected that these clusters
are at least semi-coherent with the BCC lattice. The atom
probe data have been reconstructed to give accurate plane
spacings in the matrix, however there is evidence of trajec-
tory aberrations in the vicinity of the clusters which makes
direct measurement of their size uncertain. Measuring the
cluster diameter parallel to the analysis direction should give
the most reliable measurement [53], and this was measured
as 2.7–3.1 nm CI95%.

To give a reproducible indication of size irrespective of
reconstruction parameters, the excess Cr ions can be counted
using the "matrix correction" described in Ref. [45]. Excess
ions are measured after removing all the Fe ions and the cor-
responding proportion of Cr according to the expected ma-
trix composition. The clusters had a detected range of excess
Cr ions between 100 and 130 (CI95%). A known fraction of
ions are lost in the evaporation and detection process, how-
ever after correcting for the detector efficiency, the clusters
are expected to contain 190–250 excess Cr ions (CI95%).

The composition results from the maximum separation
method, no overlap solving or background subtraction, gives
the average composition of individual clusters. The 95%
confidence interval for the cluster composition was Fe 50.5–
51.9%, Cr 45.2–46.8%, C 0.24–0.38% and N 2.0–2.8% all in
atomic percent.

To test the reliability of the cluster selection parameters,
the variability of reported results were investigated with a
range of Dmax values. Analysis of the same data set with
similar Dmax values of 0.50, 0.55 and 0.60, with the inclu-
sion and erosion distances set to Dmax/2, gave Cr fractionsin the clusters of 0.48, 0.47 and 0.45 all with approximately
±0.05 95% confidence intervals. While the clusters identi-
fied did not change, their apparent concentration is some-
what sensitive to the inclusion and erosion parameters se-
lected.

The analysis of the Cr-rich clusters by atom probe is com-
plicated by a number of factors. These are broadly separated
into two groups, relating to the spatial location of ions and
to the measured composition. The small size of the clusters,
containing only a few hundred excess Cr ions, is approaching
the limit of what can be reliably be separated using cluster
detection. This will increase the subjectivity of the analysis
and the accuracy of the measured composition.

The increased reconstructed density in the vicinity of the
clusters is evidence of some de-magnification during evapo-
ration and the resulting trajectory aberrations will reduce the
accuracy of the spatial reconstruction, thus impacting the se-
lection of the clusters.

Without other supporting evidence, it is not possible to
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(a) (b)

Figure 12: Clusters in experimental data isolated from their surroundings in Fe-3.28%Cr alloy. A variation in C and N content is
observed. Figure size is 65x65 nm. a) showing Fe, Cr, C and N, b) showing only C and N. Average cluster composition: Fe-50.4
Cr-44.1 N-4.7 C-0.7 at%. * and ** indicate clusters shown in detail in another figure.

tell reliably using atom probe what fraction of Fe is a true
component of the clusters and that which is included by the
cluster selection and trajectory aberrations. From looking
at a range of reasonable cluster selection parameters, the Cr
fraction is in the range of 0.3 to 0.6.

Turning to the C and N concentration in the clusters, this
is likely to be effected by several artefacts which reduce the
measured impurity content. Thermally activated surface mi-
gration of some species is enhanced by the electric field and
may cause C and N to migrate from the clusters before evap-
orating [54]. There is some evidence of the mobility of these
ions from the clusters by looking at volumes of the data with
and without clusters. Volumes with clusters, but with the
clustered ions removed, showed an 80% increased content
of C and N, from 70±40 to 120±40 and from 130±20 to
230±30 atomic ppm respectively, as compared to a volume
which did not contain any detected clusters. This increase in
solute in the region surrounding the clusters suggests some
migration of these ions from the clusters meaning they are
not included in the cluster selection and subsequentmeasure-
ment. Based on the concentration of C and N, in volume
around the clusters contained 125 extra C ions and 230 extra
N ions, compared to 19 C ions and 35 N ions detected in the
clusters themselves. C and N are either lost from the cluster
or there is extra C and N near where the clusters are because
of other microstructural features like dislocations.

Using the cluster radial concentration profile in IVAS the
Cr concentration was enhanced to a distance of 2–2.5 nm
from the cluster center but the C and N concentration was
increased up to a distance of 4–6 nm. The composition of
a radius of 6 nm around the cluster centers (with the cluster
ions removed) had an increased C and N content of 40 < C
= 100 < 170 and 260 < N = 320 < 380 compared to 10 <
C = 17 < 26 and 89 < N = 97 < 103 atomic ppm in the

remainder of the analysis volume more than 6 nm from any
cluster. In these 6 nm radius spheres, this is an excess of
75 C atoms and 204 N atoms, after background subtraction
and correcting for detection efficiency, compared to 19 C and
244 N atoms detected as part of the cluster selection. If these
excess solute atoms all are associated with the clusters, it
means that the clusters only account for 20% of the C and
45% of the N solute atoms which are actually increased in
the region of the clusters. To "correct" the solute content
of the cluster composition by MSM the C content would be
multiplied by 5 and the N content doubled, with other loss
mechanisms ignored.

The atom probe datameasurements show somemicrostruc-
tural features, including small dislocation loops and disloca-
tion lines which are highlighted by a slight segregation of Cr.
The detected dislocation lines had a total length of 155 nm
in a volume of 0.003 um3, a density of 5.3×10−5 nm−2. Five
dislocation loops were detected with amean diameter of 7±4
nm (CI95) and number density of 1.7×1021 m3. This analy-
sis includes 171 Cr-rich clusters which are not obviously as-
sociated with dislocations or dislocation loops. The approx-
imate total volume fraction of the microstructural features
was 0.2%, 0.8% and 1.0% for the clusters, loops and dislo-
cation lines respectively. The distribution of solute between
these different features was quantified, with background sub-
traction and overlap solving, by placing spherical volumes
around clusters, with a radius equal to the cluster radius, and
around dislocation loops, with a radius slightly bigger than
the observed Cr segregation. The composition around dis-
location lines was quantified in a similar manner but using
5 nm radius cylinders oriented along the Cr-segregated re-
gions. A summary of the distribution of the solute in the
different microstructural features is shown in Fig. 13. The
solute in these features represents 0.4% of all Cr, 6.5% of all
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Figure 13: APT analysis showing the absolute distribution of
solute between three microstructural features (clusters, dislo-
cation loops and dislocation lines) in the irradiated Fe-3.28%Cr
alloy samples with the presence of the carbon and nitrogen im-
purities. The count of Cr here refers to the excess Cr in these
features, whereas for C and N these are the absolute counts.
Relative distribution for each element is shown as percentage
on the right of corresponding bars.

C and 10% of all N detected. Of the segregated solute, 77%
of Cr was in the clusters and the remainder was primarily in
dislocation lines. Because most of the segregated Cr is in the
clusters, it is reasonable to assume the Cr behaviour in these
samples is dominated by the cluster formation. By compar-
ison less of the segregated C and N is partitioned into the
clusters, only 35% and 57% respectively. Therefore Fig. 13
indicates there are differences in the behaviour of C and N
in this alloy system, specifically that N has a stronger pref-
erence to segregate to the Cr-rich clusters than C does.

Another factor which potentially effects the measured C
and N composition is the non-detection of multiple hits due
to limitations of the delay line detector used in the atom
probe technique [55]. To decide if this multiple hit loss is
occurring, we can investigate the detected multiple hits for
inconsistencies.

Matrix C-content multiples are 30%, but in the clusters
multiples comprise 90% of the detected C ions. For nitrogen
there is a higher multiples fraction of detected multiples in
the matrix (48% are multiples) than the clusters which have
a 12% multiple composition. Note that there are approxi-
mately ten times as many detected N ions than C ions. For
reference there are 9% multiples of Cr in the matrix and 13%
in the clusters. Multiple hit loss is more likely where there
are a higher fraction of multiples, therefore this evidence
points towards likely loss of carbon from the clusters. For ni-
trogen, the lower multiple fraction in the clusters compared
to the matrix may be due to the majority of the matrix-N
evaporating from zone-lines and the associated evaporation
physics. There is almost 50 times as much N measured at
the 110 pole than a non-pole volume, and only 4 times as
much C comparing the same volumes. However, the lower
measured multiple fraction might indicate that some of the
N ions are not detected due to multiple-hit loss.

In summary, a high number density of small Cr-rich clus-
ters were detected in both Cr concentration materials in both

irradiation conditions. These clusters were small (2.9±0.2
nm) with a Cr-fraction of 0.3–0.6, C+N fraction of 0.05 and
some evidence of loss of C and N from the measured cluster
composition.

7. Comparison of simulations with
experimental observations
For the analysis of both experimental samples and the

Monte Carlo simulations, Maximum Separation Method has
been chosen, which is described elsewhere [56].

It has been shown that there is a variety of observed types
of clusters in Fe-Cr-Vac-C-N alloys both in MC simulations
(see Fig. 10) and APT measurements (see Fig. 12).

Fig. 14 shows pairs of example clusters from APT ob-
servations and MC simulations to illustrate the difference in
the structure of clusters between the simulations and obser-
vations. As can be seen from the figure, the APT clusters are
less dense and larger in size compared to MC clusters: aver-
age size of clusters in APT is 2.9 nm, whereas it is 0.9 nm
in MC simulations. This is attributed to the trajectory aber-
rations that smears the positions of atoms in the directions
perpendicular to the evaporation direction. The number of
interstitials found inside the cluster is also much smaller in
APT compared to MC simulation, which can be caused by
the multiple-hit loss of C and N in the experiment, whereas
all atoms are tracked in the simulations. Both these factors
result in the lower density of the cluster in APT measure-
ments in comparison with MC simulations. On the other
hand, the structure of MC simulations is not completely rep-
resentative due to on-lattice nature, which does not show the
changes to the structure caused by the stress fields of the de-
fects.

Since APT does not detect vacancies, only C, N and Cr
density in the clusters may be compared. It should be noted
that Monte Carlo simulations produce the atomic arrange-
ment at thermodynamic equilibrium, which may not be fully
established in the experimental samples. The experimental
measurements are not expected to be at thermal equilibrium
due to the influence of the ion irradiation, which causes addi-
tional displacement mixing, and the short duration (several
hours) of the irradiation exposure. As has been discussed
in Section 6, the interstitial elements are found not only in-
side the clusters, but also in the close vicinity of the clusters,
showing the tendency of Cr and interstitials to aggregate to-
gether. It can be hypothesized, that this is the off-thermal
equilibrium state, and given enough thermal energy, the in-
terstitials would migrate inside the clusters forming struc-
tures similar to ones observed in MC simulations.

A set of MC simulations with the nominal concentra-
tions of defects identical to those in experimental sample has
been performed. Since the vacancy concentration in the ex-
perimental samples is not known, only their presence is cer-
tain, two additional sets of simulations have been performed
with various Vac concentrations (0.005 at.% and 0.01 at.%).
The results of these three sets of simulations are compared to
the results of experimental measurements in Fig 15. As can
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(a) (b)

(c) (d)

Figure 14: Visual comparison of example clusters found in (a-
b) APT experimental measurements and (c-d) MC simulations.
Unit cell of 0.28 nm size is shown in the left near corner of each
subfigure. (c) is taken from a simulation without vacancies and
Fe-3.28at.%Cr, 0.007at.%C + 0.028at.%N, (d) is taken from
Fe-3.28Cr, 0.01at.%Vac, 0.007at.%C + 0.028at.%N.

be seen from this figure, the concentration of Cr from both
MC simulations and experimental measurements is within
the same boundaries. Taking into account the fact that the
multiple-hit loss effect does not affect the detection of Cr
in the experiments, and the deviation of Cr concentration
due to the choice of MSM parameters being smaller than
the range of concentrations detected, the correspondence be-
tween simulations and experiments is better than satisfac-
tory.

It should be reminded that since vacancies are treated
as another type of atom in MC simulations from the cur-
rent work and there is no way for them to disappear from
the simulated lattice, the equilibrium is reached when the
exchanges of atoms (including Vac) do not lead to the sig-
nificant changes of free energy, but instead make it fluctuate
around "equilibrium" value. As such, this thermal equilib-
rium is different to real world thermal equilibrium, where
thermal effects happen, such as Frenkel pair annihilation of
evaporation of vacancies to various sinks. This is another
motivation for running sets of MC simulations with a wide
range of vacancy concentrations (see Fig. 11) Having the ex-
perimental results for Cr concentration in the clusters (30-
60%), we can therefore set a limit to the Vac concentration
according to MC simulations as not exceeding 0.02 at.%.

CurrentMCmodel does not allow for the investigation of
line defects, however it allows for identifying the differences
in the cluster structure depending on the local concentration
of C, N, and vacancies (see Section 5).

8. Conclusions
In this work, we created a model for Fe-Cr system with

vacancies and C/N interstitial impurities using a large set of

Figure 15: Relative concentration of Cr,C and N in individual
clusters measured experimentally by APT and simulated us-
ing MC. Experimental measurements and MC simulations are
performed for samples of Fe-3.28at.%Cr with varying low con-
centrations of defects. Analysis is performed with MSM. MC
compositions are 0.007 % C, 0.028% N, 0/0.005/0.01% Vac.

DFT calculations of ordered and disordered phases of var-
ious with and without defects. Binding energy as well as
stability of ordered phases both play roles in the resulting
atomic structure observed in MC simulations: while Vac-
Vac binding is clearly responsible for the formation of the
voids, the binding of Vac-C is lower than Vac-N, and the
more frequent segregation of C to the Voids is likely caused
by more dominant segregation of N to Cr clusters, which is
in turn caused by the high stability of ordered �-cementite-
like [FexCry]3[CaNb] phases with high N content.

In correspondence with the existing knowledge, the MC
simulations at 650K based on our model show no precipi-
tation of Cr below the solubility limit (3.28 at.% Cr) in the
non-defected Fe-Cr alloy aswell as in alloywith various con-
centration of vacancies, which is in line with the repulsive
nature of Cr-Cr binding and significantly stronger binding
of Vac-Vac compared to Vac-Cr.

With the addition of interstitials, starting at 0.01 at.%, the
Cr-enriched clusters appear in MC simulations. The struc-
ture of such Cr-enriched precipitates, as well as defect clus-
ters, depends on the local concentration of C, N and vacan-
cies. In general, the increased concentration of vacancies
suppresses the formation of Cr-enriched clusters by forming
compact Vac-C-N clusters (gas bubbles or graphite precip-
itations) instead. The interstitial defects, on the other hand,
increase the concentration of Cr inside the clusters, N show-
ing higher potential for such an increase compared to C.

APT measurements of two samples provide a qualita-
tively similar picture of Cr segregating into clusters with in-
creased concentration of C and N in them and their vicinity.
Analysis of APT results also allowed for the identification of
other microstructural features attracting Cr, namely disloca-
tion lines and dislocation loops, however, in smaller amount
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compared to clusters.
The qualitative agreement between the MC simulations

and APT measurements for the concentration of Cr in the
clusters gives credibility to the mechanisms of clustering.
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