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a b s t r a c t

Among the different nano-features at the origin of embrittlement of FeeCr alloys and steels, a0 pre-
cipitates play a major role in alloys with Cr content higher than about 10at.%. If Atom Probe Tomography
(APT) is recognized as an efficient technique for characterizing a0 precipitates, discussions remain on its
ability to measure the actual composition of small particles. Two APT limitations are at the origin of these
discussions: its lateral resolution (and on a smaller scale the depth resolution) and local magnification
effects due to the difference in field evaporations between the matrix and the particles. In this study, the
impacts of these two limitations are quantified for the first time using numerical approaches and an
analytical model. This will provide an overview of the interpretation for the a’ particles chemical
composition experimentally measured by APT.

The results show that: (i) the major effect of local magnification is ion focussing with no mixing in the
core of the particles for particle radius larger than 1 nm, (ii) lateral resolution is the main contributor to
the composition bias. Depending on the lateral resolution, the core of the small particles may be diluted
by matrix atoms but the dilution does not exceed 5.2 at.%. The extent of the decrease in measured Cr
concentration of the particles depends on the Cr concentration difference between particles and the
surrounding matrix.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

High Cr ferritic-martensitic steels are of interest for GEN IV re-
actors because of their good swelling resistance at operating tem-
peratures, good thermal properties and low ductile-to-brittle
transition temperature shift [1e3]. However, their operating win-
dow is limited at low temperature (<350e400 �C) because of
embrittlement and at high temperature (>550 �C) because of creep.
Among the different nano-features at the origin of embrittlement,
a0 precipitates play a major role in steels with Cr content higher
than about 10% [4e6].

Two major techniques are used to characterise the a/a0

decomposition kinetics: Small Angle Neutron Scattering (SANS)
and Atom Probe Tomography (APT). Both techniques give infor-
mation about size, volume fraction and composition of phases. If
Pareige).
they agree reasonably well on radius and matrix composition, they
do not on a0 composition of particles at early stage of the precipi-
tation kinetics whatever the ageing conditions i.e. under thermal
ageing [7,8] or under irradiation [9,10]. At early stages, APT mea-
surements suggest that a0 particles do not have the equilibrium
composition [7,9,11e15] whereas the equilibrium composition is
always considered for SANS data treatment.

Disagreement also exists within the APT community. Some au-
thors consider that measuring 60 at.%Cr in a0 particles 1 nm in
radius is the signature of APT artefacts [14e17], others that the
origin is mainly kinetic and thermodynamic [7,9,12,18e22]. Indeed,
according to theory, the interphase surface energy is one of the
main factors determining the Cr content of the clusters in Fe-Cr
[19]. At medium driving force, when non-classical nucleation is
expected, the composition of the clusters differs from equilibrium
composition of the a0 phase [20,23]. The study of a0 precipitation
kinetics performed under thermal ageing and under irradiation
using APT [7,12,24] has shown that at longer ageing time or higher
irradiation dose, when the particle radius exceeds 2 nm, the
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Fig. 1. Average Cr concentration (at.%) in the a matrix and the a0 particles and the
average radius of a0 particles as a function of the annealing time (h) at 500 �C. Grey
rectangles highlight the conditions that will be considered in the following.

Table 1
Measured lateral and depth resolutions (nm) of ECoTAP and LEAP HR 4000.

Atom Probe Lateral resolution (nm) Depth resolution (nm)

ECoTAP 0.35± 0.10 0.036± 0.001
LEAP 4000 HR 0.85± 0.10 0.051± 0.002

C. Hatzoglou et al. / Journal of Nuclear Materials 522 (2019) 64e73 65
equilibrium composition is reached. At early stage, when radius
ranges between 1 and 2 nm, Cr content of the particles increases
from 50 to 60 at.% to the equilibrium composition. These observa-
tions raise a natural question which is at the origin of the
disagreement within APT and with SANS communities: could this
evolution in Cr concentration be due to APT artefacts that would
induce an artificial dilution of a0 particles?

Oneway to deal with this problem is to plot the Cr concentration
in a0 particles with respect to their radius [7,12,24]. Nevertheless,
this method poses a problemwhenmixing up data originating from
different ageing conditions (temperature, thermal ageing and
irradiation) and different alloys (different composition i.e. different
driving force). In such a case, it is not possible to separate APT
artefact origin from thermodynamic/kinetic origins. The only
method remaining is to directly study and quantify the effect of APT
artefacts on measured a0 composition.

Since APT relies on field evaporation, artefacts may appear and
artificially modify the shape and composition of the observed
particles [25e29], in particular during analysis of nano-particles
exhibiting a size close to the lateral spatial resolution of the tech-
nique (between 0.5 nm and 1 nm depending on the device) and a
difference in field evaporation with the surrounding matrix. Arte-
facts or physical limitations of the technique that can alter
composition measurements in the case of FeeCr alloys are: pref-
erential evaporation [30], spatial resolution (mainly lateral reso-
lution) and local magnification effects [25e29].

Because the evaporation field of Cr is lower than the Fe one,
preferential evaporation of Cr atoms may occur i.e. Cr atoms are
evaporated at DC voltage between pulses (which trigger the
evaporation and the detection system) and so not quantified.
Nevertheless, analysis conditions (pulse fraction and temperature)
are defined so as to suppress this effect [30,31]. Under such defined
analysis conditions (low temperature and high pulse fraction
~20%), the expected nominal concentration is obtained excluding
any preferential evaporation to occur. Thus, twomajor contributors
to APT chemical biases remain to be studied: (1) the spatial reso-
lution and (2) the local magnification. The latter occurs between
two phases having a difference in evaporation field. In such con-
ditions, both phases locally develop different curvature radius
leading to a difference in magnification. This leads to amodification
of the ion trajectories. In this study, both of them are studied; first
separately in order to estimate quantitatively the impact of each of
them on the chemical composition measurements of a0 particles
1 nm in radius; and lastly simultaneously. In the first section, a brief
summary of APT results used in this study as a reference experi-
mental data set is presented. In the second section, the APT
chemical biases are quantified for the two cases listed above.
Quantification of composition bias due to APT spatial resolution
was determined using the data numerically generated according to
the method developed at the Groupe de Physique des Mat�eriaux
(France) [28]. Quantification of composition bias due to local
magnification effect was undertaken by twomethods: modelling of
field evaporation using the method developed by Vurpillot et al.
[25,32,33] on the one hand and using the analytical model of
Hatzoglou et al. [29,34] on the other hand. In the last section, both
effects are taken into account.

2. Description of the experimental data set

In this study, we consider the experimental results obtained by
Novy et al. [7]. Results were obtained in a Fe-20 at.% Cr alloy aged at
500 �C for 50 h, 100 h, 150 h, 240 h, 480 h, 812 h and 1067 h. Sam-
ples were analysed using an ECoTAP (Energy Compensated Tomo-
graphic Atom Probe). Fig. 1 reports the evolution of a matrix and a0

particles Cr concentrations with ageing time together with the
mean particle radius. The figure shows that measured composition
of a’ particles increases with ageing time from 60.5 at.% to 83 at.%
whereas the mean particle radius evolves from 1 nm to 2.5 nm.

The questions to answer are the following: Is it the actual evo-
lution of the particle composition or is it due to an artificial mixing
whose impact is less pronounced for large radii? Does the con-
centration of 60 at.% Cr measured in particles of 1 nm in radius is
the actual concentration or does it result from the artificial dilution
of particles having the Cr equilibrium concentration (i.e. between
83 at.% and 88 at.% [7,35,36]) because of limited lateral resolution
and/or of local magnification effect ?
3. Quantification of chemical biases for FeeCr alloys due to
APT spatial resolution and local magnification effects as
separate effects

3.1. APT spatial resolution

The lateral resolution of APT (in the plane normal to the analysis
direction) varies from about 0.2 nm to 1 nm depending on the atom
probe used whereas the depth resolution is much better
(~0.04e0.09 nm) [27]. In the framework of this study, the lateral
resolution of both ECoTAP and LEAP HR 4000 has been measured.
The spatial resolution is measured using the Fourier transform
calculation of the atomic distribution [27] (when atomic planes are
reconstructed, the Fourier diagram shows the presence of spots in
the reciprocal space placed at the fundamental positions 1 =dhkl
where dhkl is the interplanar distance). Experimentally, the
diffraction peaks are clearly observed but the intensity of these
peaks decreases in the reciprocal space. From amplitude mea-
surement of each observed peak, along the different directions
slanted with respect to the analysis axis, it is therefore possible to
extract an estimated value of both lateral and depth resolutions
(Table 1). Lateral resolution of ECoTAP is better than the LEAP HR



Fig. 2. Measured Cr concentration in a0 after blurring of the lattice by lateral resolution
and applying detection efficiency versus the initial Cr concentration for both ECoTAP
and LEAP HR. On the dashed line, the measured concentrations are equal to the initial
concentrations. Uncertainties are smaller than the size of the symbols (between
0.4 at.% and 0.8 at.%). Uncertainties are smaller than the size of the symbols
(~0.6e0.9 at.%).

Fig. 3. Erosion profiles in Cr (at.%) starting from the particles centers before and after
degradation of the data set. Initial Cr content of the particles is 90 at.% Cr.
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one. It is due to their difference in view angle. If the higher lateral
resolution of ECoTAP is an advantage, the much smaller analysed
volume is not.

This lateral uncertainty on the position of the atoms creates
some lateral scatter which can bias the chemical composition
measurements [28]. In order to study and quantify the influence of
the lateral resolution on measurements, the numerical approach
presented in Ref. [28] using the tool developed at the Groupe de
Physique des Mat�eriaux has been used.

Microstructures similar to the ones presented in Fig.1 have been
simulated and degraded to simulate the scatter created by both
lateral and depth resolutions. Twenty particles were randomly
distributed on a rigid BCC lattice (a0¼ 0.28 nm) in a simulation box
of size of 30� 30� 30 nm3. Abrupt interfaces between the amatrix
and a’ particles have been simulated in order to match with the
experimental observations. The cluster radius was chosen equal to
1.0 nm which corresponds to the smallest average radius experi-
mentally observed (i.e. at 50 h, Fig. 1). It is indeed for the smallest
size that the highest biases are expected. The Cr concentration in
the matrix is set to 19 at.% which is the measured value of Cr in the
matrix at 50 h [7]. Six different Cr concentrations were chosen as
input for the clusters, from 40 to 90 at.% of Cr in order to evaluate
the combined impact of the spatial resolution and detection effi-
ciency on the measured Cr content of the particles. Study of the
contribution of the two separately can be found in Ref. [28].
Detection efficiency of APT (Q) was also taken into account. De-
tector efficiency is due to the fact that not all atoms evaporated
from the sample are detected [37]. The detection efficiency was
simulated by randomly removing 50% for ECoTAP and 40% for LEAP
HR of the atoms since detection efficiency does not depend on the
chemical nature of the evaporated atom. Scatter on the atom po-
sitions due to spatial resolutionwas modelled by adding a Gaussian
scatter to the coordinates. A value of 2s¼ 0.35 nm for ECoTAP and
2s¼ 0.85 nm for LEAP HR for the X and Y coordinateswas chosen to
simulate lateral resolution (LR). A value of 2s¼ 0.05 nm for the Z
coordinates was used to simulate the depth resolution (DR)
(Table 1). 10 different simulations were performed for each Cr
content (200 particles per Cr content). For each of the 10 simula-
tions, the initial microstructure was the same but the generated
sequence of random numbers to account for detection efficiency
and spatial resolution was different.

The composition measurements were performed using erosion
profile [27] on clusters identified by the iso-position method (IPM)
[27,38,39]. The Cr concentration was estimated from atoms located
in the core of the particle i.e. on the plateau appearing on the
erosion profiles. The results extracted from these simulations are
reported in Fig. 2. This figure presents the measured Cr concen-
tration in a0 after blurring of the lattice by lateral resolution and
applying detector efficiency versus the initial Cr concentration of
perfect spherical particles for both ECoTAP and LEAP HR.

As shown in Fig. 2, for high lateral resolution (LR¼ 0.35 nm), the
measured values are very close to the initial ones. As shown in
Fig. 3, in this case, the lateral resolution only impacts the interface
between particles and the matrix. When lateral resolution is lower
(LR¼ 0.85 nm), the Cr concentration of the particles is slightly
underestimated. This underestimation ranges from 0.5 at.% to
4.6 at.% depending on the initial composition of the particles. As
expected in case of lateral resolution whose value is close to the
particle radius, not only the interface is affected but also the plateau
(Fig. 3): the plateau is nomore horizontal. This is due to the fact that
the beginning of the plateau is more impacted than the core of the
particles. For particles having 50 at.% Cr and 60 at.% Cr, the under-
estimation is in the order of magnitude of the statistical un-
certainties (~0.7e0.9 at.%). In case of more concentrated particles,
the deviation becomes more significant. The lateral scatter due to
lateral resolution impacts more the particles having a higher Cr
content. This is indeed quite natural that the effect of the mixing
between cluster and matrix atoms has a larger impact on the
measured concentrations in the cases exhibiting the highest Cr
content difference between the particles and the matrix (19 at.%).
Nevertheless, it is worth noting that the dilution associated with
the spatial resolution is less than 4.6 at.% in the worst case which
remains relatively low. Regarding the experimental data set pre-
sented in section 2 (Fig. 1) and obtained with ECoTAP, lateral res-
olution and detection efficiency do not impact the measurements
of the particles composition.

3.2. Local magnification

Local magnification is observed in APT experiments when two
phases present different evaporation fields [40]. Because of this
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difference, the steady state shape of the tip surface is different in
the two phases. This leads to a modification of the ion trajectories.
In FeeCr alloys, a0 evaporation field is lower than the matrix one
[41]. In such a case, a focussing of ion trajectories is observed. The
trajectories of the ions of the precipitates are thus compressed
leading to a compression of the precipitates in the XeY plane and
consequently to an increase in their atomic density [42]. It is
important to emphasize that this increase in atomic density we just
spoke about is not linked to a mixing of the atoms from the two
phases but only to the compression of ion trajectories.

Because of these trajectory aberrations, trajectory overlaps may
be present at the interface between particles and matrix. The
amplitude of these overlaps depends on the field difference of the
two phases. When the difference is small, only interfaces are
affected and the core of the precipitates remains free of any matrix
atoms [42]. When the difference is larger and the precipitates are
small enough, the core of the precipitates may be affected and the
particles and the surrounding matrix can be mixed. In the case of
oxide particles (insulating phase) dispersed in a ferritic matrix one
can even observe ion trajectory crossing as shown by Hatzoglou
et al. [34].

In order to study the impact of the local magnification effect on
the measured composition of a0 particles, a numerical approach
simulating field evaporation of atoms has been applied. Three
major simulation models exist [43]. In this study, the model
developed at the GPM by Vurpillot et al. [25,33,42,43] has been
used. This model has been shown to exhibit a quantitative good
agreement with experimental results in term of chemical biases
induced by local magnification [34,44].

The simulated system is composed of two elements: Fe and Cr.
The chemical nature of the elements is introduced in the model
through their evaporation field. Assigning a different evaporation
field to species rather than to phases allow us to account for
chromatic effects [26]. The evaporation field of Fe (EFe) is equal to
33 V/nm [45]. This corresponds to a relative evaporation field of
0.85 (ECr/EFe). In the model, this difference is taken into account by
evaporating Cr atoms under an electric field equal to 85% of the one
needed to evaporate a Fe atom. Difference in composition of the
phases leads to a difference in their evaporation field. As in the
previous section, it has been chosen to simulate a0 particles of 1 nm
in radius embedded in an Fematrix containing 19 at.% Cr. Cr content
of the particles with abrupt interfaces has been set to 60 at.%
(measured composition after 50 h of ageing e Fig. 1) or 84 at.%
(equilibrium composition). The objective of this section is to check
whether local magnification effects can introduce 24 at.% of Fe in
the small particles and thus dilute them up to the level measured
experimentally i.e. 60 at.% after 50 h of ageing (Fig. 1).

The simulated tip has been field evaporated using the simula-
tion model and data were treated as the experimental data using
the 3D GPM software. The isoposition method [27,38,39] has been
used to identify the particles in the volume.

After field evaporation simulation, initially spherical particles
are no more spherical but ellipsoidal (Fig. 4a and b) as observed
experimentally (Fig. 4c) [7] and already reported in Ref. [42] for
FeeCu. In Fig. 4, Fe and Cr atoms initially coming from the pre-
cipitates are represented together with Cr atoms of the matrix. The
major axis of the ellipsoidal particle is along the evaporation di-
rection (Z axis in Fig. 4a, b and c) and the particle compression
occurs in its normal plane. The particle dimension along the
evaporation direction remains unchanged as previously observed
by other authors [42,43]. The shape factor S¼ XY =Z2 (with X, Yand
Z the particle dimensions along x, y and z directions) is no more
equal to 1 (corresponding to a sphere). S values obtained by
simulation fit well the experimental one. As a consequence of the
compression, the atomic density in the particles increases.
The atomic density increase is quantified owing to profiles of
relative atomic density (number density of atoms in the particle
over the number density of atoms in the matrix [29]) drawn
through the particles (Fig. 5). Similarly to the experimental atomic
density profile, simulated profiles exhibit a reduced density close to
2. Agreement of both relative atomic density and shape factors
shows the usefulness of the simulation to reproduce the local
magnification effect.

Fig. 6 presents Cr erosion profiles for particles of 1 nm in radius
after field evaporation. Simulations were performed on particles
having the same Cr contents as the ones in Fig. 4. Atoms coming
from the particles and from the matrix are distinguished. Three
important conclusions can be drawn from these profiles:

� Comparison of the concentration profiles of Cr in particles
before and after evaporation shows that the erosion profiles are
affected by the compression of the particles due to the magni-
fication effect: the apparent size corresponds to the shortest
distance which is observed in XY plan. We will see in section 4
that this apparent size does not correspond to the actual size
of the particles.

� A careful inspection of the profiles reveals that the length of the
plateau is not the same for Cr and for Fe. A difference of about
0.15 nm is observed. If the level of the plateau is not modified,
the plateau is systematically shorter for Cr. This chromatic effect
modifies the composition of the particles. The modification is
larger for particles with a larger Fe concentration. Measurement
of Cr concentration of particles having an initial Cr content of
61 at.% Cr gives a Cr concentration of 65.5 at.% after evaporation.
In the case of an initial concentration of 83 at.% Cr, a Cr con-
centration of 83.5 at.% is measured after evaporation. In both
cases, composition has been measured by considering the
length of the Cr plateau.

As shown in these figures, no matrix atoms enter the core of the
particles. According to these simulations, local magnification ef-
fects do not introduce any matrix atoms in the particles. The
amplitude of the overlap between particle atoms and those coming
from the matrix is about 0.5 nm as predicted by Ref. [42]. As no
matrix atoms enter the core of the particles, it is clear that the
major contribution to the over atomic density is the ion focussing as
already reported in Refs. [7,9]. These results rule out any artificial
mixing due to local magnification effect in the core of the particle.
This conclusion has also been verified using a second approach
which is analytical [29,34] and presented in the next section.
3.3. The chemical composition correction (CCC) model

The analytical model was initially developed to provide the real
chemical composition of nano-oxides in a ferritic matrix and was
shown to work very well [29,34]. This approach is very powerful to
have an idea of the type of artefact occurring during APT experi-
ments. This model is based on the analytical expression of the
reduced atomic density (r) in the particles. As already mentioned
above, the reduced density reflects the presence or not of APT ar-
tefacts (except an eventual mixing due to lateral resolution) and is
expressed as [29]:

r¼ VM
at

VNp
at

� 1
S

�
1þ NMix

NR
� pNQ

�
(1)

with Vi
at the atomic volume of the matrix (M) or nano-particle (Np),

S the particle shape factor (S ¼ XY=Z2 - with X, Y and Z the particle
dimensions along x, y and z directions), NMix the number of atoms



Fig. 4. Particle morphology after field evaporation simulation for a (a) 60 at.%Cr particle, (b) 84 at.% and (c) experimentally observed at 50 h. The average shape factor (<S>, section
3.2) is also reported. Are shown the Cr atoms from particles (big red dots), Cr atoms from the matrix (small light red dots) and Fe from particles (grey dots). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Reduced atomic density profile through a particle along the evaporation direction for a simulated particle containing initially (a) 60 at.% and (b) 84 at.% of Cr and (c) for an
experimental particle (50 h). It is also reported for each case the average reduced atomic density (<r>) [29].
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Fig. 6. Erosion profile starting from the particles center for simulated data after field evaporation simulation of particles having (a) 61 at.% and (b) 83 at.% of Cr. Atoms coming from
the particles and from the matrix are distinguished. Dashed lines correspond to the Cr profiles in particles before evaporation.
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introduced by trajectory overlaps in the inter-mixing zone, NR the
real number of atoms expected by APT in the particles and pNQ ¼
NNQ=NR the proportion of particle atoms which are non-quantified
due to APT artefacts such as preferential evaporation or molecular
dissociation (with NNQ the number of non-quantified atoms). The
atomic volume in a0 particles is equal to the one in the matrix
(VM

at ¼ VNp
at ) [46]. Because there is no preferential evaporation in the

case of a0 particles, the expression (1) can be simplified to:

r ¼ 1
S

�
1þ NMix

NR

�
(2)

As discussed above, two contributions can lead to the observed
over atomic density in a0 particles:

� The focussing of ion trajectories (characterized by S). Because of
the focussing, particles appear more or less ellipsoidal in APT
volumes [7] and Fig. 4b) whereas they are initially spherical
(S¼ 1) as confirmed by TEM observations (Fig. 7).

� The mixing of atoms coming from the particle surrounding
environment (NMix).

Let's consider now two cases. In the first case, one considers that
local magnification effect induces both focussing of ion trajectories
Fig. 7. TEM image in BF (Bright Field) conditions of Fe20Cr aged at 500 �C for 1067 h.
Number density and size are identical to those measured with APT.
and mixing of matrix atoms with particle atoms i.e. one considers
that actual Cr concentration is the equilibrium one (83 at.%) and
that the value of 60 at.%Cr is a consequence of the mixing. The
expression of equation (2) becomes:

r ¼ 1
S

 
1þ XCr

M � XCr
E

XCr
Mat � XCr

M

!
(3)

with XCr
E ¼ 83 at.% the a0 Cr equilibrium concentration, XCr

M the Cr
concentration of the particles as measured by APT and
XCr
Mat ¼ 19 at:% the Cr concentration in thematrix. The expression is

obtained by considering that the atoms from the matrix are artifi-
cially introduced in the particles in the same proportion than the
matrix composition, as observed by Hatzoglou et al. [29,34].

In the second case, one considers only ion focussing without any
mixing. The over atomic density is thus exclusively due to trajectory
focussing. The expression of equation (2) becomes in that case:
Figure 8. rS as function of the Cr content (at.%) in particles 1 nm in radius measured by
APT (XM

Cr) together with the evolution of rS as given by equations (3) and (4).



Table 2
Cr concentration (at.%) as measuredwith the erosion profile after field evaporation and applying a detection efficiency, a lateral resolution and a depth resolution (XNp

Cr ). Xinput is
the initial Cr content.

Xinput (at.%) 61 83

XCr
Np after evaporation 65.5± 1.7 83.6± 1.1

ECoTAP LEAP HR ECoTAP LEAP HR

XCr
Np (at.%) (after evaporation þ LR) 65.0± 0.8 61.5± 1.1 82.2± 0.6 77.8± 1.0

Percentage of atoms coming from the matrix (at.%) 4.0± 0.4 13.9± 0.8 4.1± 0.3 11.6± 0.8
Particle radius deduced from the number of atoms in the particles (nm) 1.1± 0.2 1.1± 0.2 1.1± 0.2 1.2± 0.2
Guinier radius (nm) 1.0± 0.2 1.0± 0.2 1.0± 0.2 1.0± 0.2

Fig. 9. Erosion profiles starting from the particle center for (a) particles having an initial Cr content of 61 at.% and (b) an initial Cr content of 84 at.%. In both case, the erosion profile
was constructed on field evaporated particles after application of a LR¼ 0.35 nm, DR¼ 0.05 nm and Q¼ 50% (ECoTAP conditions).

Fig. 10. Comparison of the Cr erosion profile for particles having a Cr content of 61 at.%
as obtained after simulation of ECoTAP analysis with an experimental profile obtained
in the Fe-20 at.% Cr aged 50 h at 500 �C.
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r ¼ 1
S

(4)

Fig. 8 presents the evolution of rS versus the measured Cr
concentration in the particles (XCr

M ) as obtained with equations (3)
and (4) (dashed lines). Fig. 8 also reports the rS values experi-
mentally obtained after 50 h (blue diamonds) and 480 h (red
diamonds) of ageing for 1 nm particle radius. It is worth noting that
at 480 h, 1 nm particles are observed with high Cr content, very
close to equilibrium value. This is in favour of a kinetics origin for
the different Cr contents. Are also added the values obtained by
simulation of field evaporation. They agree very well with the
experimental data.

Whatever the ageing time, the experimental values of rS are
distributed around the dashed line related to focussing of ions
without any mixing (rS¼ 1 according to equation (4)). This agrees
very well with the results obtained by modelling of field evapora-
tion. Nevertheless, looking carefully, one can observed a slight shift
towards upper values for 50 h of ageing. This means that a small
contribution of mixing is observed.

Anyway, the error due to mixing remains low. The major
contributor to over atomic density in the a’ particles is the trajec-
tory focussing. This disagrees with what some authors suggest in
the literature [14e17].
4. Chemical biases due to both APT spatial resolution and
local magnification effects

In order to account for both spatial resolution and local
magnification effects, simulation of blurring due to spatial resolu-
tion was applied to particles that were firstly field evaporated.
Parameters used for field evaporation, for spatial resolution and
detection efficiency are the same as in section 3 (i.e. for ECoTAP:
LR¼ 0.35 nm, Q¼ 50% and for LEAP HR: LR¼ 0.85 nm, Q¼ 40%, for
both DR¼ 0.05 nm and ECr¼ 0.85 EFe). Simulations were performed
on particles having an initial Cr content of 61 and 83 at.% Cr and a
radius of 1 nm as previously. Table 2 reports the Cr content



Fig. 11. Erosion profiles starting from the particle center for (a) particles having an initial Cr content of 61 at.% and (b) an initial Cr content of 84 at%. In both case, the erosion profile
was constructed on field evaporated particles after application of a LR¼ 0.85 nm, DR¼ 0.05 nm and Q¼ 40% (LEAP HR conditions).
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measured in the particles together with the percentage of atoms
originating from thematrix. In good agreementwith section 3.1, the
lowest the lateral resolution is, the highest is the percentage of
mixing. Concentration has been measured over the length of the Cr
plateau of the erosion profiles.
4.1. Simulation of ECoTAP analyses

Measurements show that 4% of matrix atoms are artificially
included in the particles. As explained in section 3.1, this is due to
lateral resolution. It is worth noting that 4% of matrix atoms
entering the particles does not mean an error of 4% on the con-
centration as shown in Table 2 nor an increase of 4% of atoms in the
particles. Indeed, lateral resolution effect is a random phenomenon
which affects with the same probability atoms inside the particles
and matrix atoms: whereas atoms from the matrix enter the par-
ticles, atoms from the particles go into the matrix (the flux is null).
The effect of lateral resolution is to further smooth the interface
between particles andmatrix and blur the atom positions as shown
in Fig. 3. As shown in Fig. 9a and 9b, matrix atoms do not enter up to
the core of the particles even after the compression due to local
magnification effect. Only the beginning of the plateau is affected.

In the case of particles having initially 83 at.% Cr, an underesti-
mation of the Cr content of only 0.6 at.% is measured (1.4% if
compared to the Cr content after evaporation). For particles having
a lower Cr content, an excess of 4 at.% Cr is measured because of
chromatic effects. If one compare to the Cr concentration measured
after evaporation, an underestimation of only 0.5 at.% is noticed.

Table 2 also reports the particle radii as deduced from the
number of atoms inside the particles and the Guinier radius. The
interface between particles and matrix is placed at inflection point
of the erosion profile. These radii are similar and close to the par-
ticle radius of the input particles. It is worth noting that calculation
of the radius must not be done directly on erosion profile. Indeed
the erosion profile is affected by the compression of the particles
due to the magnification effect: the apparent size corresponds to
the shortest distance which is observed in XY plan.

Fig.10 compares a Cr erosion profile as obtained after simulation
of ECoTAP analysis of particles having a Cr content of 61 at.% with an
experimental profile obtained in the Fe-20 at.% Cr aged 50 h at
500 �C. The simulation very well reproduces the plateau of the
experimental profile (see Fig. 10).

These results show that it is not possible for a’ particles having
the Cr equilibrium concentration and a radius of 1 nm to become,
after APT analysis with an ECoTAP (as in the study of Novy et al. [7]),
particles containing only 60 at.% because of the APT spatial reso-
lution and local magnification effect. 60 at.% Cr observed at the
beginning of the kinetics cannot be a consequence of APT artefacts
as reported by Novy et al. and Kuksenko et al. [7,9] and recently by
Reese et al. [24].
4.2. Simulation of LEAP HR analyses

Table 2 reports the Cr concentration measured after applying a
LR equal to 0.85 nm, a DR of 0.05 nm and a detector efficiency of 40%
as for LEAP HR analyses. The number of matrix atoms entering the
particles becomes more significant (between 11% and 14%) because
of the lowest lateral resolution. As alreadymentioned in section 3.1,
with this lateral resolution, the matrix atoms reach the core of the
particles leading to an underestimation of the Cr content (Fig. 11).
This underestimation is slightly larger after evaporation because of
the compression in the XYplan due to the local magnification effect
(for comparisons see section 3.1).

As previously and for the same reason, the particle radius is not
impacted. Nevertheless, it is not the case for the composition. As
observed when only lateral scatter applies, composition of particles
having 83 at.% Cr is much more impacted than composition of
particles containing 61 at.%. In the former case, an underestimation
of 5.2 at.% is observed. However, the underestimation remains low.
Of course, it will be increased for system with a larger concentra-
tion contrast between particles and matrix. Nevertheless, in the
case of the system investigated here, even with the worse lateral
resolution, the 60 at.% Cr observed at the beginning of the kinetics
cannot be a consequence of APT artefacts. Again, it must be
emphasized that, according to the simulations and calculations
performed in this study, this dilution is mainly due to the lateral
resolution of APT and not to the local magnification effect. These
results agree well with theory [19,22,23]: variation of Cr content of
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particles with the radius is not an APT artefact but has kinetic/
thermodynamic origin(s) for particle radius larger than 1 nm.
However, we have to keep in mind that the Cr content may be
underestimated up to 5 at.%, the underestimation varying with the
concentration contrast between particles and matrix and the atom
probe used.
5. Conclusion

In this study, the impact of APT spatial resolution and local
magnification effect on the chemical composition measurements of
a0 particles of 1 nm in radius has been quantified. These phenom-
ena are the twomajor contributors to chemical biases linked to APT
experiments in the case of FeeCr alloys. Influence of APT spatial
resolution has been estimated using the numerical approach pre-
sented in Ref. [28]. Local magnification effect quantification was
performed by two methods: modelling of field evaporation using
the method developed by Vurpillot et al. [25,32,33] and by using
the CCC analytical model of Hatzoglou et al. [29,34].

The results showed that:

� The dilution associated with the spatial resolution is less than
0.4 at.% for an APT having a lateral resolution of 0.35 nm (spatial
resolution of ECoTAP). It varies from 0.5 to 4.6 at.% when lateral
resolution equals 0.85 nm (spatial resolution of LEAP HR). The
lower the Cr content of the particles is, the lower is the dilution
of small particles due to APT lateral resolution.

� The major effect of local magnification is ion focussing with no
mixing in the core of the particles. Simulation showed that the
inter-mixing region is located at the interface of the particles
without degrading the core composition. The major contribu-
tion to the over atomic density in particles is thus the focussing
of ion trajectories and not atoms coming from the matrix.
Simulation of field evaporation has revealed the existence of
chromatic effects which results in an increase in the apparent Cr
content of particles. The effect is larger for particles havingmore
Fe.

� Taking into account both spatial resolution and local magnifi-
cation effects showed that for high lateral resolution, matrix
atoms do not enter up to the core of the particles even after the
compression due to local magnification effect. The effect of
lateral resolution is only to further smooth the interface be-
tween particles and matrix and to affect the beginning of the
plateau. For lower lateral resolution, matrix atoms reach the
core of the particles leading to an underestimation of the Cr
content as expected in case of lateral resolution whose value is
close to the particle radius. Underestimation of the Cr content is
only 0.6 at.% for ECoTAP and 5.2 at.% for LEAP HR in the case of
particles having initially 83 at.% Cr. For particles having a lower
Cr content (61 at.%) significant chromatic effects have been
revealed. These effects lead to an increase in Cr content of
4.5 at.% in the particles. Consequently, even with the scatter
introduced by the lateral resolution, an excess of 4 at.% Cr is
measured for ECoTAP and 1.5 at.% for LEAP HR.

� Local magnification effect has less impact on composition
measurements than lateral resolution.

� These results show that it is not possible for a0 particles having
the Cr equilibrium concentration and a radius of 1 nm to
become, after APT analysis, particles containing only 60 at.%
because of the APT spatial resolution and local magnification
effect. A maximum underestimation of 5.2 at.% is expected. By
investigating only effect of APT limitations, this work enabled to
separate APT limitations from kinetics/thermodynamic effect on
the Cr content of small particles.
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