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A B S T R A C T

α′ precipitation in a Fe-19 at.%Cr alloy aged at 500 °C up to 2008 h has been characterized by both APT and
SANS. This paper shows that when using an appropriate method for SANS data treatment, both APT and SANS
yield consistent results regarding not only volume fraction and size but also α and α′ composition. Good
agreement is achieved when α′ particles are considered as magnetic scattering features at the early stage of the
kinetics.

1. Introduction

High chromium Ferritic/Martensitic (F/M) steels and Oxide
Dispersion Strengthened (ODS) alloys are considered for nuclear ap-
plication owing to their excellent swelling resistance, small ductile-to-
brittle transition temperature (DBTT) shift and good thermal properties
[1–5]. FeCr alloys are the base of these F/M and ODS alloys. Thus, a
thorough understanding of the mechanisms involved during thermal
ageing or irradiation of FeCr alloys is a key issue. In particular, the
characterization of the α′ precipitation, well known for embrittling
alloys, has been carried out after thermal ageing [6,7] and after several
irradiation conditions [8–13]. Small Angle Neutron Scattering (SANS)
as well as Atom Probe Tomography (APT) are frequently used to study
α - α′ decomposition as they are well suited for characterizing na-
noscale precipitates. Both techniques give information about size, vo-
lume fraction and composition of phases. Nevertheless, each technique
has its own weaknesses and strengths. To provide composition of phases
and particle size, the treatment of SANS data relies on models and as-
sumptions about the investigated microstructure. If different scatters of
similar size are present in the sample, their detection and discrimina-
tion are not possible. On the other hand, the probed volume in a typical
SANS experiment is of the order of 10 to 100mm3 making SANS ex-
periments statistically reliable. APT gives access to 3D reconstruction of
the investigated volume and chemical composition measurements at
the atomic scale. APT is sensitive to dilute and small objects and the
different families of nano-features can be discriminated. However, the

small size of the probed volume (typically 80×80×250 nm3) limits
APT ability to detect objects with a low density (Dv > 6.25 · 1020 m−3

in this case). Moreover, APT relying on physics of field evaporation of
atoms, artefacts may appear that can artificially modify shape and
composition of the observed particles [14–19]. Respective weaknesses
and strengths of SANS and APT make them complementary techniques
and cross-checking results obtained for the same alloys is of a large
interest [20–22]. Nevertheless, one very important point is still
pending. It concerns the composition of the particles. Indeed, while
studies on α′ precipitation carried out by both SANS and APT agree
reasonably well on the radius and/or volume fraction and α equilibrium
composition, a large discrepancy regarding α′ composition is always
observed at early stage. The APT study of Novy et al. [7] performed on a
Fe-20 at.%Cr alloy thermally aged at 500 °C, has shown evolution of α′
precipitates composition with ageing time, whereas Bley et al. [6] as-
sumed that α′ precipitation took place with the equilibrium composi-
tion. A similar disagreement has been found on precipitates formed in
Fe-12 at.%Cr irradiated at 300 °C with neutrons. Kuksenko et al. [9]
measured an α′ precipitate composition different from equilibrium with
APT whereas Bergner et al. [8] made the assumption, in their SANS
data treatment approach, that α′ particles have the equilibrium com-
position. Bergner et al. [10] addressed this issue of discrepancy between
APT and SANS results by performing SANS data treatments based on
APT results and taking into account a set of potential sources of de-
viation. However that was not sufficient for removing the discrepancy
on α′ particles' composition. Prior work of Hyde et al. [20] on radiation
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induced clusters in Reactor Pressure Vessel (RPV) steels using APT and
SANS lead to similar conclusions. Recently, Couturier et al. [23] de-
veloped a common framework for comparing SAXS (Small Angle X-ray
Scattering) with APT results when applied to spinodal decomposition in
Fe-Cr steels. Contrary to prior studies, agreement was found on the
amplitude of composition fluctuations but not on the wavelength of the
interconnected structure; thus discrepancy still remains. In fact, the
discrepancy between SANS and APT results exists since many years and
has been noted in studies performed on a wide variety of alloys
[24–26].

Except in the case of Couturier et al. [23], the main issue between
APT and SANS concerns the composition of precipitates. As stressed by
Hyde et al. [20], solution of this issue is hidden behind the limitations
of the two techniques and assumptions used for data treatment. One of
the most obvious explanation could be the so called local magnification
effect [14,27] observed in APT experiments when two phases present
different evaporation fields. This artefact originates from the fact that
α′ particles' evaporation field is lower than the matrix one. It leads to a
focussing of the ion trajectories. This focussing may imply two different
behaviours depending on the evaporation field difference of the phases
[18,19]: 1) a simple compression of the precipitates in the x-y plane of
the analysis volume without incorporation of matrix elements into the
precipitates, only modification of the shape is observed, particles ap-
pear with an ellipsoidal shape, 2) compression and incorporation of
matrix atoms inside the precipitates that can lead to an artificial dilu-
tion of low field precipitates. In both case, the shape is ellipsoidal and
an increase in atomic density is observed: in case 1, the number of
atoms coming from the particles being constant but the volume of the
precipitate after reconstruction being smaller because of the compres-
sion, the atomic density is increased. In case (2), in addition to the
increase described in case (1), addition of atoms coming from the sur-
rounding matrix is also observed [18,19]. So, it is worth noting that
increase in atomic density does not systematically imply mixing of
matrix and particle atoms. Depending on the difference in evaporation
field between precipitates and matrix, trajectory overlaps at the inter-
face between matrix and precipitates are more or less important. For
case 1 (when field evaporation difference is low) only interfaces be-
tween precipitates and matrix are affected. Therefore, the core com-
position of precipitates remains correct. In case 2,when the difference in
evaporation field is too big, incorporation of matrix elements in pre-
cipitates is no more negligible and can affect the core composition of
the precipitates. If trajectory overlaps are important and affect more
than the interfaces, small clusters will be more affected than larger
ones. In the Fe-Cr case, the Cr bulk evaporation field is 29 V·nm−1

whereas the Fe bulk evaporation field is 33 V·nm−1 [28]. As the Cr
concentration of precipitates goes up, the evaporation field of pre-
cipitates decreases and the local magnification effect is more pro-
nounced.

The question is: do α′ particles belong to case 1 (compression of
clusters without incorporation of matrix atoms in the precipitates, only
interfaces are affected) or to case 2 (incorporation of matrix atoms up to
the core of the precipitates with artificial dilution of precipitates)? The
authors showed in previous works using both simulation of field eva-
poration of α′ particles and experimental data [7,29] that the core
composition of α′ particles appears to be unaffected and that local
magnification effect in Fe-Cr belongs to case 1.

Another possible explanation of the discrepancy between SANS and
APT results is that classical assumptions on which SANS data treatment
relies are not appropriate for this system. Hyde et al. [20] showed that,
depending on the assumptions made very different results can be ob-
tained using SANS. It must be pointed out that only reasonable as-
sumptions were considered. From their study they concluded that SANS
A-ratio cannot be used to conclude on the Fe concentration in clusters.
Their study also revealed the strong impact of the assumption regarding
the magnetic properties of clusters on the results. In reported work [see
for example [6,8]], α′ particles are thought to be non-magnetic

scattering features. But if, as suggested by APT measurements, α′ pre-
cipitates contain a Fe concentration higher than 30% at short ageing
time, this assumption no longer holds and α′ particles have to be treated
as magnetic scattering features.

Based on an experimental study by SANS and APT of α - α′ de-
composition in a Fe-19 at.%Cr thermally aged at 500 °C, the objective of
the present paper is to demonstrate that both techniques can agree on
all the characteristics of α′ precipitates including the composition,
providing α′ particles are considered to be magnetic scattering features.

Section 2 of this paper is devoted to experimental details. Results
and discussion on the kinetics of α′ precipitation, studied by Atom
Probe Tomography and SANS, are presented in Section 3.

2. Materials and methods

2.1. Materials

The studied material is a high purity Fe-19 at.%Cr alloy that was
prepared by induction melting at Ecole des Mines de Saint Etienne in
France. Composition was determined using Glow Discharge Mass
Spectrometry. The alloy was received in a recrystallized state, after 70%
cold reduction and 1 h - 850 °C heat treatment under pure argon that
was followed by air–cooling to room temperature. The resulting mean
grain size and dislocation density were 650 μm and<1012m−2 re-
spectively. The thermal ageing has been carried out in a muffle furnace
at 500 °C. The temperature of the furnace was controlled by a ther-
mocouple located in the middle of the heating zone. A second ther-
mocouple, in contact with the samples, has been used to obtain a more
accurate value of the temperature (here 510 °C). Samples of
15× 10mm and 1mm thick were encapsulated in quartz cells under
high vacuum (5×10−6 mbar) with zirconium chips to prevent oxi-
dation. Thermal ageing has been realized during 50 h, 100 h, 240 h
480 h, 986 h and 2008 h.

2.2. Methods

2.2.1. Atom Probe Tomography
The APT samples were prepared from 0.3× 0.3× 15mm stick.

They were obtained by choosing suitable electro polishing conditions
(75% acetic acid −25% perchloric acid, 7 to 5 V and 98% ether – 2%
perchloric acid 7 to 4 V). The samples were analysed using two different
LEAP 4000X HR Atom Probes from CAMECA having a high mass re-
solution ((M/ΔM)1%=233 for the major peak of Fe) and a detector
efficiency of 36 or 42% depending on the LEAP used. The samples were
cooled down to a temperature of 55 K in order to mitigate the pre-
ferential field evaporation of Cr atoms. During analyses, the atom probe
specimens were electrically pulsed with a pulse fraction of 20%, a pulse
rate of 200 kHz and a detection rate of 0.003 atom per pulse.
Reconstructions of the volumes were done with IVAS 3.6.8 (CAMECA
software) using the same parameters as in [12]: a compression factor of
1.4–1.5, an evaporation field of 33 V·nm−1 and a k factor of 3.25–4.5.

Data treatments were performed thanks to the 3D Data Software for
Atom Probe Tomography developed by the GPM research group in
Rouen, France. Measurement of the size and number density of clusters
was performed using the “isoposition” concentration data filter
[17,30,31]. The filter enables to distinguish the particles from the
surrounding matrix owing to their chemical composition. The para-
meters used were: concentration threshold XCr > 28 at.%, grid pattern
of 1 nm, separation distance d=0.2 nm and a minimum number of
atoms in the particles of 95. This method is shown to be the most ef-
ficient to discriminate clusters from the surrounding matrix [17]. The
cluster composition was measured using erosion profile [16]. The core
corresponds to the plateau appearing on the profiles. The number
density of the particles was determined by a simple ratio of the number
of observed precipitates to the overall analysed volume. The radius of
each precipitate was deduced from the number of Cr and Fe atoms in
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each particle considering spherical particles: =R 3nV
4πQ

at3 with Vat the Fe

atomic volume and Q the detector efficiency. This calculation is valid as
far as no atoms coming from the surrounding matrix are incorporated in
the precipitates. The volume fraction was defined as the ratio of the
number of atoms inside the precipitates to the total number of collected
atoms. Agreement with volume fraction values deduced from phase
composition using lever rule has been checked in each case. The basic
principle of APT and data treatment may be found in different books or
reviews [16,32–35].

2.2.2. Small Angle Neutron Scattering

• Technical aspects

The neutron scattering experiments were performed at the
Laboratoire Léon Brillouin (CEA CNRS), Saclay, on PAXY small-angle
instrument which have 2-dimensional detector allowing anisotropic
scattering intensity acquisition. The study of precipitate sizes ranging
between 0.5 nm and about 20–30 nm needs two different configurations
of measurement which are defined by the wavelength (λ) and the
sample-to-detector distance. The wavelength can be chosen between
0.55 nm because of multiple diffraction effect due to the iron matrix,
and about 1 nm because, above multiple scattering can occur. As a
consequence, the best configurations for steels characterization avail-
able at LLB, are 0.6 nm/2m and 0.9 nm/5m covering a scattering
vector (q) range from 0.08 to 1.6 nm−1 (q=4πsinθ/λ where 2θ is the
scattering angle). The magnetic interaction between the magnetic mo-
ment of the neutron and the atoms of the material is anisotropic: the
scattering length depends only on the magnetic moment component
perpendicular to →q . In the case of ferromagnetic materials, the mag-
netic moment can be aligned along an applied saturating magnetic
field. The magnetic contribution should be zero in the field direction
and maximum in the perpendicular direction. Consequently, nuclear
plus magnetic and nuclear contributions can be separated. Angular
sectors of 20% around the two directions (parallel and perpendicular to
the applied magnetic field) were considered for calculations. The value
of the applied magnetic field required to reach the saturation of the
magnetization varies with the alloy composition, internal stresses, etc.
Here, the measurements were performed under a saturating field of
1.5 T. Two sample dimensions have been characterized depending on
the available quantity of materials (sample dimension were either
10mm×10mm of surface and 1mm of thickness or 7mm×4mm of
surface and 1mm of thickness). The final results do not depend on the
sample shape. Initial data treatment including correction, normal-
ization, and calibration, has been described by Cotton [36].

• The analysis method

In the case of ferromagnetic materials, the SANS intensity is the sum
of two contributions, a nuclear and a magnetic, which depend respec-
tively on the difference in composition and in magnetization between
particles and the matrix. In terms of cross-section, the SANS intensity
can be written as:

≈ ∆ + ∆( )d
d q f ρ ρ δ F q R h R S q RΣ

Ω ( ) [ sin ] ( , , ( )) ( , )p nucl mag
2 2 2 2

where q is the scattering vector, fp the precipitate atomic fraction, and F
(q, R) is the form factor of the particles, which can include a size dis-
tribution function h(R). S(q, R) is the interference term, which is neg-
ligible for precipitate fractions lower than 1% (S(q, R)= 1). For volume
fractions higher than ≈1%, the Wertheim [37] and Thiele [38] ana-
lytical solution of the total correlation function u(r) is used:

u(r)=− (α+ βs+ γs3) with s= r/2R, α=(1+2η)2/(1− η)4,
β=− 6η(1+ η/2)2/(1− η)4 and γ= ηα/2. η is the volume fraction of
hard spheres, R is the radius of hard spheres and r the radius of

particles. The hard sphere represents an area around a precipitate in
which no other precipitate could appear. The hard sphere existence is
justified by the local depletion of Cr in matrix due to the nearby pre-
cipitate which do not allow another precipitation in this zone. It also
represents a non-interpenetration zone.

∫

=
−

= − + +

S q
NC q R η

C q R η

π R α βs γs
sq R

sq R
s ds

1
1

( )
( , , )

with ( , , )

4 (2 ) ( )
sin( 2 )

2
.3

0

1
3 2

Δnucl or mag are the nuclear or magnetic contrasts given by:

∆ = −
b

v
b

vnucl or mag
nucl or mag
p

at
p

nucl or mag
m

at
m

where b is the nuclear (nucl) or magnetic (mag) mean scattering length
in the precipitates (p) or in the matrix (m), and vatp, m is the mean
atomic volume of the precipitates (p) and of the matrix (m). δ is the
angle between the magnetization of the sample and the scattering
vector q. As the experiment was performed under magnetic field, the
atomic magnetic moments were aligned along the applied magnetic
field. So the angle δ is known and the scattered intensities obtained in
the two ⊥ and ∥ to H directions corresponding to δ=90° and δ=0°
respectively can be considered separately. Assuming that the form
factors corresponding to the nuclear and magnetic scattering are the
same which is true for homogeneous particles, the difference of these
two contributions gives the magnetic scattering:

≈ ∆( )d
d q f ρ F q R h RΣ

Ω ( ) ( , , ( ))p mag
2 2

The ratio between these two contributions is called “A ratio”. For
homogeneous particles with sharp interfaces, it depends only on the
chemical composition, magnetization and atomic density variations
between precipitates and the matrix, and is given by:

= = +
∆

∆

⊥

∥

( )
( )

A
ρ

ρ
1

d
d H
d
d H

mag

nucl

Σ
Ω

Σ
Ω

2

2

This ratio can provide information about the chemical composition
of the particles.

The magnetic scattering length is defined by bmag, matrix=− γr0/2μ,
where γ=−1.913 is the gyromagnetic factor of the neutron,

I m
ag
x
q4

q4

Fig. 1. Scattered intensity multiplied by q4 as a function of q4 for a Fe-19 at.
%Cr reference sample (not aged).
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r0= 0.2818×10−14 m is the classical electron radius and μ is the
mean magnetic moment of atoms. Only iron atoms present a magnetic
moment which is slightly different from that of pure iron. An estimation
of the average magnetic moment of the system, assuming that the mean
effect is due to the Cr atomic concentration CCr, is obtained with the
relation μ= μFe− 2.39 CCr in Bohr magneton units [39], μFe is equals
to 2.217.

Above 70% chromium in the particles, the average magnetic mo-
ment of iron atoms in the Fe-Cr system is zero at room temperature
[40]. As a first method of data treatment, Cr rich precipitates (α′) will
be considered to have the equilibrium composition (≈86 at.%Cr). This
corresponds to the most used method in the literature to treat SANS
data [6,8,41]. In such case, the magnetic scattering length bmag, α′ will
be zero. We will see that under this assumption, agreement is not
achieved for all the characteristics of α/α′ phase separation. Thus, we
will present a second method based on the use of α and α′ compositions

measured with APT to fit SANS data. As will be explained in the fol-
lowing, α′ precipitates will be treated as ferromagnetic particles when
Cr content is below 70%.

At high angle, SANS intensity tends towards a minimal value which
is the background noise. If the asymptotic Porod's [42] behaviour is
reached, a linear variation at high angle of Imag× q4= f(q4) should be
observed and the slope would represent the background noise. It is
indeed observed in our case, for the reference sample which presents no
precipitation as shown in Fig. 1. As part of data treatment the back-
ground noise was subtracted for the experimentally measured diffused
intensities of the aged samples.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2. 3D atom maps of Cr atoms in a Fe-19 at.%Cr alloy aged (a) 50 h, (b) 100 h, (c) 240 h, (d) 480 h, (e) 976 h and (f) 2008 h. A concentration threshold of
XCr > 28 at.% was used to highlight α′ precipitate (V= 10×10×50 nm3).
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3. Results and discussion

3.1. Atom Probe Tomography characterization

First, the as-received state was characterized to check the Cr dis-
tribution. Cr atoms distribution has been compared to the binomial
distribution, which corresponds to random distribution of atoms using

the Thuvander et al. method [43]. Results show that Cr distribution is
random in the as-received state.

The 3D atom maps of Cr atoms following ageing at 500 °C during
50 h, 100 h, 240 h, 480 h, 976 h and 2008 h are presented in Fig. 2.
After 50 h ageing, whereas no Cr precipitates were clearly distinguished
in the APT volumes, the Thuvander et al. test [43] showed that phase
separation already started for this ageing time. As soon as 240 h of

Fig. 3. (a) Mean radius evolution of α′ particles as a function of ageing time (b) evolution of Cr composition of the α′ particles as a function of ageing time. The errors
represent the spread of the measures, (c) core Cr concentration of α′ precipitates as a function of their mean radius in after ageing 240 h and from literature, (d) Cr
concentration of the matrix as a function of ageing time. The horizontal line represents the solubility limit determined by Novy et al. [7] and Dubiel et al. [44], (e)
particles density as a function of ageing time. The straight line represents the t−1 law (predicted for long ageing time), (f) evolution of volume fraction of α′ phase in
function of ageing time. The dashed line represents the equilibrium value deduced from the Lever Rule with compositions given by the phase diagram of Xiong et al.
[40].The errors bars show the dispersity of the measures; in a Fe-19 at.%Cr aged at 500 °C. Grey diamond represent the data of Novy et al. [7] for a Fe-20 at.%Cr.
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annealing, some precipitates have an ellipsoidal shape whose major
axis is along the analysis direction (Fig. 3(b–f). This is the result of the
focusing of ions as explained in the introduction [14,27].

Evolution of the mean radii of clusters, Cr concentration in particles
and in the matrix, volume fraction and number density are given in
Fig. 3 together with the data obtained by Novy et al. [7] in a Fe-20 at.
%Cr aged at the same temperature. Results are in very good agreement.
The small shift observed between the two data sets is due to the dif-
ference in driving force because of the difference in nominal composi-
tion (19 at.% versus 20 at.%).

As shown in Fig. 3(b), the composition of α′ precipitates evolves

with ageing time, ranging from (54.5 ± 0.6)at.%Cr after 100 h ageing
to (86.3 ± 0.6)at.%Cr at 2008 h. The question is: does the small Cr
concentration of the precipitates observed after 100 h and 240 h are due
to artificial mixing with matrix atoms (case 2) or is it kinetics (case 1)?
In order to answer this question the evolution of Cr concentration of
precipitates as a function of their radius as measured after 240 h ageing
is reported in Fig. 3(c) together with measurements done by Tissot et al.
in a Fe-15%Cr alloys irradiated with electrons [12], Bachhav et al. in a
Fe-15Cr alloy neutron irradiated up to 1.82 dpa dPa at 290 °C [11],
Kuksenko et al. in Fe-12Cr and Fe9Cr neutron irradiated at 300 °C up to
0.6 dpa [9]. There is clearly no correlation between the size and the
concentration of particles. Rather, Cr content depends on the ageing
conditions. For example, considering a radius of 1.2–1.3 nm, Cr content
ranges from 55% (short ageing time at 500 °C or low irradiation dose at
300 °C) to 87% (high irradiation dose at 300 °C). Moreover, particles
presenting the highest Cr content are among the smallest one [11].

Conversely to what is shown here, Chen et al. [45] observed that
core Cr concentration increases with cluster size in Fe-Cr alloys neutron
irradiated at 300 °C and 450 °C. They also noticed that no concentration
plateau in Cr was observed in the core of the precipitates. It must be
emphasized that it is not the case in this work and in previous works
where plateaus were observed [7,29]. It is worth noting that increase in
Cr concentration with size is difficult to interpret [13] as it is difficult to
separate artefact from kinetics effects. Indeed, interphase surface en-
ergy is one of the main factor determining the Cr content of the clusters
in Fe-Cr [46] and the composition of the clusters can differ from
equilibrium composition of the α′ phase [47,48]. Fig. 4 presents a
concentration profile drawn through a precipitate 1 nm in radius. A
plateau at 57 at.% Cr is clearly visible. The relative atom density
(number of atoms in the sampling box over the mean number of atoms
in the matrix) is also reported evidencing an increase in atomic density
due the local magnification effect. Fig. 5 presents an XY atom map
obtained by simulation of field evaporation, model developed by Vur-
pillot et al. [27], of a precipitate of 1 nm in radius. The simulation of
field evaporation was performed on an Fe-Cr tip containing 1 nm radius
precipitates 80 at.%Cr surrounded by an Fe matrix with a Cr con-
centration of 14 at.%. Black atoms are Cr atoms from the precipitate,
grey atoms are atoms coming from the matrix. This atom map corre-
sponds to the concentration profile and the atom density profile pub-
lished in [29]. According to these simulations, the core of the pre-
cipitate is not affected by matrix atoms. Moreover, the experimental
relative atom density profile (Fig. 4) is identical to the simulated re-
lative atom density profile published in [29] which corresponds to the
atom map in Fig. 5. This shows that simulations reproduce very well the
experimental behaviour. Accordingly with the atom map, the linear
concentration profile drawn through the simulated particle in [29]
shows that the atom density peak is not due to atoms coming from the
surrounding matrix but rather is mainly due to the contraction of the
particle in XY plane without mixing. Consequently, it appears reason-
able to not consider the excess of atom density as an overlap with
matrix atoms.

3.2. Small Angle Neutron Scattering measurements – comparison with APT

Two data treatments were carried out for SANS experiments. First,
the most used method in the literature to treat SANS data was per-
formed i.e. composition of α′ precipitates was considered as constant
with ageing time and equal to the attempted equilibrium composition
(86%Cr-14%Fe) i.e. α′ particles were non-magnetic.

• First method of SANS data treatments

Fig. 6 shows the scattering spectrum (a) perpendicular and (b)
parallel to the magnetic field, H (H=1.5 T) of the Fe-19 at.%Cr alloy
before ageing and aged between 50 h and 2008 h. In good agreement
with APT results, no scattering was observed for q > 0.03 nm−1 in the

Fig. 4. Linear concentration profile drawn trough a 1 nm radius precipitate in
the x-y plan in the Fe-15%atCr alloy aged 240 h at 500 °C. Also reported, the
relative atom density (number of atoms in the sampling volume over the mean
number of atom in the matrix). A plateau at 57 at.%Cr is clearly visible. No
correlation between Cr concentration and variation of the relative atom density.

Fig. 5. X-Y atom map (V=3×3×0.5 nm3) of a Cr rich precipitate as ob-
tained after simulation of field evaporation of a 1 nm radius precipitate con-
taining 80 at.%Cr embedded in a Fe-14 at.%Cr matrix. Black atoms are Fe and
Cr atoms from the precipitate. Grey atoms are Fe and Cr atoms of the matrix.
This atom map corresponds to the concentration profile and the atom density
profile published in [29].
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as-received state; the intensity scattered at very small q is due to the
microstructure (grains, grain boundaries etc.) and is not affected by the
thermal treatments. In the initial state, Cr repartition was homogenous.
Regarding the aged alloys, scattering peaks were clearly seen even after
50 h annealing. The position of the peak maximum is related to the
distance between precipitates. Fig. 6(a) to (d) shows that with the an-
nealing time, the scattered intensity increases because of the growth of
the size and/or the volume fraction precipitated and the peak shifts
towards the small q which is consistent with the increase in distance
between particles. Thanks to the perpendicular and parallel intensity
measurements, the A ratio was determined. The deduced A ratio in-
creases with the ageing time: values of 1.6 ± 0.1, 2.0 ± 0.1 and
2.25 ± 0.1 are obtained after 50 h, 100 h and above 480 h

respectively. The calculation of theoretical values of A needs some as-
sumptions concerning the chemical composition in Fe and Cr, the
average magnetic moment and the atomic density in matrix and pre-
cipitates. A value of 1.6 can correspond to 80%Cr-Fe20% particles in a
super-saturated matrix Fe81%-Cr19%. An A ratio value of 2.2 can be
attributed either to non-magnetic Cr-rich α′ particles (90% Cr-10% Fe)
[8,41] or α′ particles richer in iron and ferromagnetic (30% Fe-70% Cr)
in a Fe88% -Cr12% and Fe85% -Cr15% matrix respectively. In fact,
conclusion on α′ composition is difficult to get. The SANS results in
terms of the A-ratio demonstrate that the compositions of both the
matrix and the particles evolve towards the equilibrium compositions.

Size and volume fraction of α′ precipitates were obtained by fitting
the scattering intensity spectrum. The model used was based on a poly-

Fig. 6. Scattering intensity and A ratio spectrum in function of the scattering vector q, obtained in Small Angle Neutron Scattering measurements of a Fe-19 at.%Cr
alloy aged between 50 h and 2008 h, (a) magnetic intensity (b) nuclear intensity perpendicular to the horizontal magnetic field (c) magnetic difference scattering
cross-section (as-received subtracted from (a)) (d) nuclear difference scattering perpendicular to the horizontal magnetic field (e) A ratio (as-received subtracted).
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dispersed system with hard spheres interferences. The hard sphere ra-
dius is an adjustable parameter which reflects that two precipitates
cannot be at a distance from each other, less than twice this radius for
various reasons: no interpenetration, existence of a zone of depletion of
the matrix around each precipitate. A Gaussian distribution of particles
with size r and standard deviation dr was assumed, with an estimated
volume fraction and contrasts. The adjustments were made on all the
intensities (magnetic, nuclear and the sum of the two) to test the co-
herence of the obtained sets of parameters. Only the adjustments per-
formed on the overall intensities measured in the direction perpendi-
cular to the field gave satisfactory results on all the samples. This is
explained by the fact that these intensities are higher and less depen-
dent on the normalization steps (subtraction of the backgrounds…)
than the purely nuclear intensity at large angle. Thus, the contrasts
were estimated with supposing (X%Cr-(100-X)%Fe) α′ particles in a (Y
%Fe-(100-Y)%Cr) matrix with X varying from 80 to 83 and Y from 18 to

12 depending on the ageing time considered, in order to follow the A
ratio variation. The parameters deduced from the best fits of experi-
mental SANS data are plotted in Fig. 7(a, c and d). For all the samples,
the hard sphere radius is about 1.5 to 2 times the mean particles radius.
That is usually found in equivalent systems.

Unlike APT measurements, α′ particles were detected by SANS after
50 h of ageing. A good agreement between SANS and APT was found for
the mean particles radius and size distribution for ageing time longer
than 50 h. Nevertheless, the evolution of the volume fraction of pre-
cipitates was slower with SANS than with APT. The equilibrium Cr
content of the matrix was estimated from the A values to be 12 at.%Cr
which was quite low compared to APT data and to values reported in
the literature [7,44]. Moreover, regarding the Cr concentration of the
matrix with ageing time, there was a drop of the composition down to
15 at.%Cr after 100 h of ageing. This drop was due to adjustment of
composition to fit experimental data. But more importantly, conserva-
tion of matter was not respected with these adjusted compositions and
volume fractions. Bergner et al. [8,10] also fitted A ratio values but
considering matter conservation. In their case also, it was not possible
to agree with APT data. The treatment of SANS data obtained on a
system of which neither the precipitated volume fraction nor the che-
mical composition of the particles is known is difficult because the
mathematical solution is not unique. This approach is made even more
complex by the magnetic properties of the FeCr system which are
mostly unknown at the particle-matrix interfaces and which can influ-
ence the results. It is thus of utmost importance to apply another
method of data treatment that will guarantee matter conservation and
perhaps obtain good agreement with APT data.

Fig. 7. Comparison between mean radius and volume fraction (Fv) determined by APT and SANS (a) with the first SANS data treatments and (b) using α and α′ APT
compositions as input data for SANS data fitting. Comparison between (c) precipitates composition and (d) matrix composition determined by both APT and SANS
when α′ particles are considered as non-magnetic nano-features. For the second data treatment method, APT compositions were used as input for data treatment.

Table 1
Mean radius and volume fraction determined with SANS with the help of APT
compositions as data for fits, in the Fe-19 at.%Cr aged from 50 h to 2008 h.

Ageing time (h) Volume fraction (%) Mean radius (nm)

50 1,6 1,3 ± 0,4
100 2,56 1,8 ± 0,4
240 4,9 2,0 ± 0,5
480 4,7 2,4 ± 0,2
976 6,9 2,6 ± 0,6
2008 7,5 3,2 ± 0,7
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• Second method of SANS data treatments

In order to check whether APT and SANS results can agree, APT
compositions were used as input data to fit SANS intensity. The new
adjustments have therefore been made under the same conditions as
previously, but by calculating the new contrasts with the chemical
compositions of the precipitates and of the matrix determined by APT,
independently of the A ratio. According to APT measurements
(Fig. 3(b)), between 100 h and 480 h, the Cr content of α′ precipitates is
lower than roughly 70%, value below which particles should be mag-
netic. Indeed, following Xiong et al. [40] chart, 70% corresponds to the
Curie temperature at 300 K. FeCr alloys which contains< 70% of Cr
should be ferromagnetic. This implies that for these ageing times, α′
particles can no longer be considered as non-magnetic scattering fea-
tures. The magnetic scattering length in the Fe rich particles was cal-
culated in the same way as the matrix's one, using the relation between
mean atomic magnetic moment and the Cr content given by Aldred
[39]. Fits of scattering intensity spectrum were done with a set of
contrast values deduced from this new magnetic hypothesis (for 50 h
composition of clusters observed after 100 h was used). It must be
emphasized that A ratio of 2.2 was also obtained considering the high
proportion of Fe when particles were considered magnetic (see sup-
plemental table). The obtained values of radius and volume fraction are
reported in Table 1.

Comparison of these data with APT data is presented in Fig. 7(b).
Very interestingly, APT and SANS now agree very well on the volume
fraction of α′ particles whereas agreement on mean radius evolution is
still excellent. A ratios, which are equal to 2.2, are in good agreement
with experimental raw data. And importantly, in this case, matter
conservation is respected. APT and SANS agree on composition of
particles and matrix (it is normal as there were used as input) and on
size and volume fraction of particles. Some question could be raised
concerning the particles which contain 70% of Cr because it corre-
sponds to the limit of ferromagnetism/paramagnetism and, this limit
was defined for bulk materials not nanoparticles. Measurement of
magnetism should allow being more specific on this point. However,
these results show that agreement between APT and SANS is possible if
α′ particles are considered as magnetic features thanks to Aldred [39]
formalism during the early stages of ageing. This last point is also in fact
debatable as this formalism was obtained for bulk materials with dif-
ferent composition from those considered here. Indeed, the Cr nano-
particles' magnetism is a very complex issue that was not solved yet.

Anyway, for the first time, SANS and APT agree on all the char-
acteristics of α/α′ precipitation kinetics. And very importantly, these
results confirm that Cr evolution of α′ particles with ageing time is a
kinetic effect as modelled by Svetukhin et al. [46] and does not origi-
nate from an artificial dilution of small precipitates due to local mag-
nification effects.

4. Conclusion

In summary, kinetic of phase separation was investigated using APT
and SANS in a Fe-19 at.%Cr alloy aged at 500 °C from 50 h to 2008 h.
Two different SANS data treatments were used: the most used method
in the literature to treat SANS data where α′ particles are considered as
non-magnetic nano-features and a second one where α′ particles are
considered as magnetic nano-features at the early stages and non-
magnetic as soon as the Cr content of α′ particles exceeds 70%. Results
show good agreement between SANS and APT with the second method.
For the first time, SANS and APT agree providing that α′ particles are
treated as magnetic particles in the early stage of precipitation for SANS
data treatment.
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