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Critical Consideration of Precipitate Analysis
of Fe—1 at.% Cu Using Atom Probe and Small-Angle
Neutron Scattering
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Abstract: An Fe-1at.% Cu model alloy was examined by atom probe (3DAP) and small-angle neutron
scattering (SANS) to verify the accordance of the gained results. The Fe-Cu alloy was heat-treated for various
times at 500°C, forming Cu-rich precipitates within the Fe matrix. The chemical compositions of the
precipitates and matrix found by 3DAP were used to calculate the magnetic scattering contrast. Additionally, a
magnetic moment of the precipitates that contain a significant amount of Fe was taken into account for the
calculation of magnetic scattering contrast. This in turn is used for the evaluation of the magnetic scattering
curves gained by SANS. Both the 3DAP data as well as the scattering curves were analyzed with regard to radius,
number density, and volume fraction of the precipitates as a function of aging time. The results yielded by both
techniques are in good agreement and correspond to the development of the hardness of the alloy. Minor
differences can be related to the cluster search algorithm used for the analysis of the 3DAP data as well as Fe

overestimation based on different field phases.
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INTRODUCTION

The precipitation reaction of Cu in pure Fe and steels was
extensively studied in the past, especially because of the use
of such alloys in pressure vessel steels (Pareige et al., 1995,
1996, 1997a, 1997b; Pareige & Miller, 1996). The precipita-
tion reaction in the Fe-Cu system was first reported by
Smith and Palmer (1933). Early work was carried out to
study the precipitation reaction in an Fe 1.23 wt% Cu alloy
by Hornbogen and Glenn (1960). Hornbogen found out
that the Cu clusters initially precipitate with a metastable
[body-centered cubic (bcc)] structure coherent with the
matrix capturing a spherical shape. A change into rod-
shaped particles with a stable incoherent [face-centered
cubic (fec)] structure occurs at a radius of approximately
5 nm (Hornbogen, 1962). Similar experimentally deter-
mined threshold values for the structure change (5-9 nm)
were reported by several other authors (Lahiri et al., 1969;
Goodman et al., 1973a; Dahmen et al., 1984). Theoretical
calculations revealed a critical size of approximately 4 nm
(Goodman et al.,, 1973b). In 1991 Othen et al. stated that the
transformation of (bcc) Cu precipitates into the (fcc) struc-
ture proceeds over a martensitic transformation with a 9R
structure.

The composition development of the Cu precipitates
was also extensively studied over the years, but no clear
conclusions were drawn. Hornbogen (1962) suggested that
the evolving (bcc) Cu cluster consists of 100 at.% Cu;
however, at that time there was no experimental proof. The
first atom probe measurements by Goodman et al. (1973b)
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showed that precipitated particles only contain 50 at.% Cu
at the early stages. These findings were supported by various
atom probe measurements carried out in the last 20 years
(Pareige et al., 1996; Pareige & Miller, 1996; Miller et al.,
2000; Isheim & Seidman, 2004; Isheim et al., 2006; Prakash
Kolli & Seidman, 2008). In contrast, the evaluations of
small-angle neutron scattering (SANS) data were usually
based on the assumption of completely nonmagnetic (bcc)
Cu precipitates resulting in a Cu content of nearly 100 at.%
(Worrall et al., 1987; Osamura et al., 1993). Even though
density functional theory (DFT) calculations showed that
Cu precipitates exhibit a magnetic moment if Fe is incorpo-
rated (Zhang & Ma, 2000; Liu et al., 2005), it was not
considered in SANS data evaluations.

The sequence of precipitation, structure, and composi-
tion was studied by comparing various techniques such as,
e.g., atom probe (Goodman et al., 1973a; Worrall et al.,
1987; Pareige et al., 1996), transmission electron microscopy
(Charleux et al., 1996; Maruyama et al., 1999), and small-
angle X-ray scattering (Deschamps et al., 2001). Miller et al.
(2003) compared three-dimensional atom probe (3DAP)
and SANS measurements on neutron irradiated Fe-Cu al-
loys. They were able to find good agreement for the precip-
itate characteristics radius and number density, but unsolved
discrepancies occurred concerning the volume fraction and
chemical composition of the clusters. They assumed that
the Cu precipitates with incorporated Fe do not carry a
magnetic moment. Consequently, the measured and calcu-
lated ratio of magnetic to nuclear scattering contrast be-
tween clusters and matrix do not match at all. Therefore, a
closer look on these deviations is necessary to find reason-
able approaches in data evaluation for both techniques.
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Table 1. Composition of the Investigated Model Alloy Measured by Emission Spectral Analysis (ESA).
Cu C Cr Si Mn Ni (@] N Fe
at.% 0.986 0.008 0.014 0.02 0.034 0.015 0.335 0.075 98.513

Recently, the authors of this study (Schober et al., 2010)
showed that the SANS data evaluation, including magnetic
moments calculated by DFT, fits excellently with the gained
results from atom probe, suggesting that Cu precipitates
consist of approximately 50 at.% Cu in the early aging
states.

In this article 3DAP and SANS results obtained from
the early aging states of an Fe—1 at.% Cu alloy are presented
and analyzed. The aim is to compare these two complemen-
tary methods in terms of radius r, number density N, and
volume fraction f, when the SANS data evaluation considers
a magnetic moment of the occurring precipitates (Schober
et al., 2010) based on the chemical composition found by
3DAP. The conducted atom probe measurements are gener-
ally improved compared to former works in case of ana-
lyzed volume size and therefore detected number of
precipitates. The method of comparing both techniques via
the chemical composition found by 3DAP is described, and
problems during data analysis and their reproducibility are
discussed.

MATERIALS AND METHODS

A 10 kg Fe-1 at.% Cu alloy was vacuum induction melted
and cast under vacuum. The chemical composition as mea-
sured with emission spectral analysis (ESA) is given in Table 1.
The ingot was cut into 15 X 15 X 50 mm? bars for the
subsequent heat treatment. The bars were solution annealed
at 850°C for 60 h, water quenched, and aged at 500°C for
several times. The hardness was measured using Vickers hard-
ness indentations with 10 kg load as a function of aging time
at 500°C (Fig. 1). From this hardness curve designated aging
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Figure 1. Hardness (HV10) over aging time curve generated for

the Fe—1 at.% Cu alloy. The circles denote the selected aging states
for further analysis.

times for the 3DAP and SANS experiments—namely, 5,000,
10,000, 30,000, and 100,000 s—were selected.

Three-Dimensional Atom Probe

The atom probe investigations were performed on an energy
compensated 3D atom probe 3DAP™ X provided by Ox-
ford Nanoscience (Milton Keynes, UK). The analysis condi-
tions of 60 K, a pulse fraction of 20%, and a pulse repetition
rate of 20 kHz were used. The needle-shaped specimens
were assembled by the standard two-step etching technique
(Miller, 1996). For step one 15% perchloric and 85% acetic
acid and for step two 2% perchloric acid in butoxyethanol
were used. The data reconstruction was performed on the
visualization program IVAS 3.4.1 provided by Imago™ (now
CAMECA, Madison, W1, USA). The particle identification
was done by a cluster search algorithm based on the maxi-
mum separation method (Vaumousse et al., 2003; Cerezo &
Davin, 2007). The parameter d,,,,, is the maximum separa-
tion distance between the solute atoms. The parameter N,
gives the minimum number of solute atoms defining a clus-
ter. This number should not be too small to ensure that no
random fluctuations count as clusters. On the contrary, too
high values for N;, reduce the efficiency of the cluster search
algorithm (Vaumousse et al., 2003). For this alloy the param-
eter d,,, was set to 0.6 nm and N,;, to 10 assign using the
procedure reported by Vaumousse et al. (2003). Finally, the
supplemental parameter envelope distance L and the erosion
distance d,,, are set to the same values as d,,,,. The distance
distribution between the cluster centers was calculated for
each cluster, found by the cluster search algorithm, using the
smallest average center-to-center distance.

Small-Angle Neutron Scattering

The SANS experiments were carried out at the instrument
SANS-2 at the Geesthacht Neutron Facility (GeNF) at GKSS
in Geesthacht, Germany. The measurements were per-
formed on disc-shaped samples of 2 mm thickness and
18 mm diameter at room temperature under a saturating
magnetic field of 2 T. Unpolarized neutrons with a wave-
length of A = 0.58 nm and a wavelength spread of AA/A =
10% were used. The exposure time of the samples in the
neutron beam with an impinging diameter of 8 mm was set
to 15 min for all measured samples. The nuclear and mag-
netic scattering curves were extracted separately from the
two-dimensional detector image using sectors with an open-
ing angle of 10° parallel and perpendicular to the applied
magnetic field. The scattering curves were corrected for
sample transmission and background noise. The quantifica-
tion of scattering cross sections was performed by a vana-
dium standard calibration. The magnetic scattering curve
gained from the solution-annealed sample was subtracted
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Figure 2. Three-dimensional reconstructions gained by 3
(b) 10,000 s, (c) 30,000 s, and (d) 100,000 s.

from all aged samples to reduce the influence of possible
larger scattering structures (Mathon et al., 1997). The result-
ing scattering curves were fitted by means of a two-phase
model concerning radius r, number density N, and volume
fraction f of the precipitates (Kostorz, 1979):

<d2

aQ
In equation (1) d3/dQ represents the macroscopic mag-
netic scattering cross section, A7, is the magnetic scatter-
ing contrast, n(R)dR stands for the number density of
particles between R and R + dR, V(R) is the volume of
the particles, and F(q,R) is the form factor F of spherical
(sin gR — gR cos gR)

particles:
(qR)’ )

The matrix and the developed particles have different chem-
ical compositions and hence different magnetic scattering
length densities (1,ag, 1> Mmag,p)- This leads to the magnetic
scattering length density difference A7,,,,, which can be
theoretically calculated via equation (3):

2
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The gyromagnetic ratio p, = 2.7-107"* cm/uB (Bacon,
1975) is used for the calculation as well as the magnetic
moments of matrix u,, and particles u,, which are derived
from the chemical composition gained by 3DAP combined
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DAP of the different aged samples at 500°C: (a) 5,000 s,

with DFT calculations (Schober et al., 2010). The atomic
volumes (V,,,, V,) are calculated using lattice constants found
by DFT calculations as well. The results obtained from these
An,,,4, calculations were applied in equation (1) to fit the
magnetic scattering curves in an appropriate way.

RESULTS

A hardness over aging time curve was mapped to define the
aging states for further 3DAP and SANS investigations.
Figure 1 shows the hardness as a function of aging time at
500°C. After approximately 1,000 s the first slight hardness
increase is measurable. The hardness increases to a maxi-
mum after 30,000 s of aging and shows a decrease at
100,000 s. The selected aging states for analyzing are 5,000,
10,000, 30,000, and 100,000 s.

The 3D reconstructions of the atom probe measure-
ments for the selected aging states are shown in Figure 2.
For a better visualization only 5% of all measured Fe atoms
are shown, while all Cu atoms are included with an in-
creased size. The depicted 3D volumes are clipped to similar
sizes (40 X 40 X 50 nm?) for better comparability. The
effectively analyzed volumes are listed in Table 2. By an
optical inspection, Cu clusters and their size development
over aging time can be observed. Additionally, an increase
of the distance between the clusters centers found by the
cluster search algorithm with aging time can be seen that is
confirmed by the values of the cluster search results in
Table 2. The 3D particle center distance increases with a
factor of 3 from 5.2 to 15.6 nm, and the radius increases as

Table 2. Radius, Particle Distance, Analyzed Volume, Composition of the Found Precipitates Measured with 3DAP.
Composition of
Composition of Precipitates
Aging Time  Particle Radius  Particle Distance  Analyzed Volume Matrix Cu Cu Fe
(s) (nm) (nm) (nm?) (at.%) (at.%) (at.%)
5,000 1.08 = 0.28 52=x1.7 93,500 0.7 = 0.05 46.9 £ 0.45 53.1 £0.40
10,000 1.23 = 0.41 6.5 =22 454,235 0.45 £ 0.03 47.6 £0.18 52.4£0.16
30,000 2.02 £ 0.55 9.1£29 303,499 0.3 £0.03 484 £0.18 51.6 =0.17
100,000 32=+1.1 15.6 = 5.7 639,394 0.19 £ 0.02 51.7 £ 0.16 483 £0.18




Table 3. Magnetic Moments of Matrix and Precipitates Gained

by DFT Calculations are Shown.*

Aglng Time Mom Mp Anmag
(s) (uB) (nB) (10'° cm?)
5,000 2.176 1.31 2.62

10,000 2.181 1.3 2.72
30,000 2.185 1.28 2.90
100,000 2.187 1.2 3.22

*The magnetic scattering contrasts for the SANS curve evaluations are
presented.

well with a factor of 3 from 1.08 to 3.2 nm over aging time.
The chemical composition of the clusters is also shown in
Table 2. A slight increase over aging time from 46.9 at.% Cu
up to 51.7 at.% Cu in the precipitates, found by the cluster
search algorithm, can be observed. These compositions and
the magnetic moments obtained by DFT (Schober et al.,
2010) (Table 3) are used for the calculations of A7,
[equation (2)], which are further used for the SANS curve
evaluation [equation (1)]. The magnetic scattering contrast
An),,q0 exhibits, as it is calculated with the magnetic moment
of the precipitates, an enhancement over the aging time
from 2.66-10'° up to 3.2-10'° cm? (Table 3).

Figure 3 presents a series of magnetic scattering curves
measured on the Fe-1at.% Cu alloy. The bottom curve
shows the solution-annealed sample that was used as a
reference. With increasing aging time the scattering cross
section increases. The scattering intensity shifts toward
smaller g-values with increasing aging time. The dashed
lines are the results of the two-phase curve fits [equation
(1)] of each individual scattering curve.

Figure 4 provides the development of average particle
radius r, number density N, and volume fraction f over
aging time determined by 3DAP (full squares) and SANS
(full circles). The results gained by SANS were evaluated
using equation (1) and the calculated A7,,,,, listed in Table 3.
Starting at 5,000 s the found radius for both techniques
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Figure 3. Development of the magnetic scattering curves with
aging time at 500°C. The calculated curves are shown as dashed
lines.
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Figure 4. Development of (a) radius, (b) number density, and
(c) volume fraction over aging time as obtained by 3DAP and
SANS. The SANS data were evaluated using the magnetic scatter-
ing length density difference calculated from the chemical compo-
sition found by 3DAP (Table 3).

captures a value of about 1 nm and increases up to approx-
imately 3 nm. It should be noted that the error bars for the
mean radii gained by 3DAP gradually increase while the
error bars of the SANS results, due to the data quality and
fit results of the SANS curve, are within the symbol size.
The error, which is caused by calculation of the magnetic
scattering length density difference An,,,, and further the
chemical composition found by 3DAP, is not indicated. The
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Figure 5. Size distributions in terms of number density for the
selected aging times: (a) 5,000 s, (b) 10,000 s, (c) 30,000 s, and
(d) 100,000 s.

number densities (Fig. 4b) for both analysis techniques
show the same trend starting at high values of about
1.65-10'® (1/cm?®) and 2.33-10'® (1/cm?®) for 3DAP and
SANS, respectively. The values drop down over aging time
and capture nearly the same values after 100,000 s aging—
namely, 7.6-10'¢ (1/cm?) for 3DAP and 1.06-10'7 (1/cm?)
for SANS. The volume fraction (Fig. 4c) also shows the
same characteristics for both techniques; however, the vol-
ume fractions found by SANS are a factor 1.5 higher com-
pared to the results gained by 3DAP. Only the shortest aged
state (5,000 s) exhibits a satisfactory accordance for both
applied analysis techniques.

Figure 5 displays the size distributions found by 3DAP
and SANS for the selected aging times. The bar charts
represent the 3DAP results, and the SANS results are
illustrated by line charts. Additionally, the total number
densities are given in Figure 5 as the integral of the
distributions. The distributions of the 5,000 s and 10,000 s
aged states in Figure 5a,b fit well in regard to the mean
radius as well as the width of the distribution. However, the
maximum values of the number densities are smaller as it is
obvious in Figure 4b. The distributions of the 30,000 s and
100,000 s aged states match remarkably well in case of
width and absolute values of the number density. Generally,

the distributions obtained from both techniques are very
similar.

DiscussioN

Nearly all existing studies on the system Fe-Cu using atom
probe analysis report that the developing Cu clusters con-
tain starting at approximately 50 at.% Fe with variations up
to 70 at.% depending on aging temperature and time (Pa-
reige et al., 1995; Miller et al., 2000; Isheim et al., 2006).
Isheim et al. measured Cu precipitates, aged for 100 h at
500°C, which consist of 64 at.% Cu inside the precipitates
using proximity histogram (Hellman et al., 2000). Miller
et al. (2003) found Cu concentrations up to 65 at.% in the
core of the precipitates after neutron irradiation. It has to be
pointed out that the concentration calculated using cluster
search algorithms, as done in this work, is an average over
the core of the particle and the interface region. The found
composition of the particles is methodically higher of ma-
trix elements compared to results found inside the particles
using proximity histograms. In the interface region between
matrix and core of the precipitates, the Cu concentration
increases rapidly over an infinitesimal small distance up to
core composition. However, it is difficult to describe the
exact size of this interface region because of different evap-
oration fields of matrix and precipitates. This leads to ion
trajectory overlaps during the atom probe run and thus the
measured atomic density, and chemical composition is in-
fluenced in the interface region. SANS, on the other hand,
also yields results that are integrated over the whole parti-
cles with including the interface region. Gradients in chem-
ical composition as well as magnetic moment from particle
core to the edge of the particles lead to average form factors
and the corresponding scattering curves. Hence, for compar-
ing atom probe results with SANS results, it is necessary to
use the chemical composition obtained by a cluster search
algorithm. However, SANS data evaluation on the system
Fe-Cu was always performed under the consideration of
pure Cu precipitates, and consequently, they were treated as
nonmagnetic (Osamura et al., 1993; Miller et al., 2003). The
authors of the present work (Schober et al., 2010) showed
that, if a significant magnetic moment of precipitates is
taken into account, there is a correspondence between the
results found by 3DAP and SANS in terms of calculated
scattering contrasts and hence chemical composition.
Consequently, the magnetism of the Cu clusters has to
be taken into account when the system Fe—1at.% Cu is
analyzed with regard to radius r, number density N, and
volume fraction f. The 3D reconstructions and the cluster
search algorithm results (Figs. 2, 4) revealed the precipita-
tion development with aging time. It was shown that the
average radius of the particles increases whereas the number
density decreases, leading to a raised mean particle distance.
The number density obtained from 3DAP, especially at
the earliest aging state, is about 30% smaller than the SANS
result. This discrepancy can be explained by a critical con-
sideration of the cluster search parameters. The parameter



Niin has to be chosen within a range that excludes random
fluctuations on the one hand and guarantees a detection of
very small clusters on the other hand. The detector effi-
ciency of the used atom probe is approximately 35%, which
leads to a minimally detectable particle size of 0.55 nm if
Niin 1s set to 10 and under the simplified assumption of
approximately 50 at.% Fe incorporated in the particles.
Additionally, the measured SANS data, especially for the
two early aging stages, are of limited quality because the
covered g-range is relatively small. Therefore, the smallest
cluster sizes cannot fully be resolved, which could also
partly explain the deviations in the number density. With
increasing aging time and hence increasing particle size, the
accuracy of the number density found by 3DAP is increas-
ing, which is obvious by observing Figure 4b. The number
density found by 3DAP approaches the number density
gained by SANS with increasing aging time. For all aging
conditions measured with 3DAP, the precipitates, which are
cut by the reconstructed volume, are counted adequately.
The resulting influence on the number density should be
small compared to the other mentioned influences.

By a closer inspection of the 3D reconstructions (Fig. 2),
it seems that the clusters are not randomly distributed,
especially for the 30,000 and 100,000 s aged samples, lead-
ing to inaccuracies in precisely defining the number density
by the 3DAP data. To further check this, the frequency
distribution of the clusters within the analyzed volume was
calculated (Fig. 6) (Cerezo & Davin, 2007). Therefore, the
analyzed volume is divided in a set of subvolumes of 20 X
20 X 20 nm? and the frequency distribution of the clusters
was calculated. For this, the coordinates of the centers of
the clusters were used to determine their number within the
analyzed volume. These distributions were compared to the
Poisson distribution. The x-axis represents the count of
clusters within a subvolume (block) and the y-axis the
number of occurring blocks with the certain count of
clusters. The squares represent the experimentally observed
cluster frequency distribution and the lines show, based on
the mean number observed, the calculated Poisson distribu-
tions. The early aging states 5,000 s and 10,000 s show y?
values that are 15 and 29, respectively. The prolonged aging
states 30,000 s and 100,000 s exhibit calculated y? values of
3 and 2.5, which give a significance of more than 99% with
a degree of freedom of 19. The statistics of these distribu-
tions are poor, but dictated by the limits of current 3DAP
techniques. Nevertheless, it can be seen that especially at the
longest aged condition the cluster distributions satisfacto-
rily obey a Poisson distribution. Such distribution describes
an overall random occurrence, which is the case for precip-
itation reaction with low volume fractions (Cerezo & Davin,
2007). Thus, a completely inhomogeneous distribution can
be excluded. The fact that there is still a relatively large
discrepancy in the number density results of the complemen-
tary methods for the 5,000 s aged sample indicates the need
for further investigations. The size distributions obtained
from both methods for the 5,000 s aged sample look quite
different (Fig. 5a). On the other hand, the size distributions
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for the long aging states match quite well. This shows that
both techniques detect almost the same number density of
particles. The theoretical maximum precipitated volume
fraction for the Fe—1at.% Cu alloy is approximately 2%,
considering the chemical composition of the precipitates
found by 3DAP of approximately 50 at.% and with the
simplification that Cu atoms capture the same volume in
the alloy as Fe atoms. The maximum precipitated volume
fraction of 1.6% gained by the SANS measurement of the
30,000 s aged state is close to the theoretical maximum
volume fraction. However, this volume is a factor 1.5 higher
compared to the result found by 3DAP. Under the consider-
ation that the Fe content in the Cu precipitates decreases
over the aging time, as shown in literature (Goodman et al.,
1973b; Prakash Kolli & Seidman, 2008), the volume fraction
found by SANS is significantly too high. The reason is based
on the assumption that the precipitates reach almost 100
at.% Cu after prolong aging, and hence the maximum
precipitated volume fraction reaches about 1%. However,
the characteristics of both volume fraction curves are simi-
lar and also are consistent with the hardness curve (Fig. 1)
in an appropriate way. The volume fraction increases up to
the hardness maximum at 30,000 s indicating the end of the
growth process (Haasen, 1978), and with the hardness de-
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crease the volume fraction stays more or less constant. A
possible explanation for the generally too high volume
fraction of SANS can be found by the frequently reported
overestimation of the Fe content in the precipitates by
3DAP and further too low magnetic scattering contrasts
An,e (Leitner et al., 2004, 2007). Morley et al. (2009)
showed that trajectory overlaps of the evaporated atoms at
the interface of the Cu precipitates (low field phase) and the
Fe matrix (high field phase) during the atom probe measure-
ments can influence the analyzed atomic density and further-
more the chemical composition of the detected precipitates.
Due to this fact, the Fe content in the precipitates may be
overestimated, which would lead to higher magnetic scatter-
ing contrasts effecting the SANS evaluation. For the 30,000 s
aged state, a reduction of the Fe content of 5 at.% in the
precipitate would lead to a change in An,,,, from 2.9-10"
to 3.2:10' resulting in a volume fraction of 1.38 vol%
instead of 1.6 vol%. Such a change would lead to a smaller
deviation of the volume fraction found by SANS and 3DAP.
Additionally, by trend the volume fraction would sink un-
der the theoretical calculated threshold of approximately
1% precipitated volume. Therefore, it seems very likely that
overestimation of Fe plays an important role in this alloy.

In general, the results obtained from 3DAP and SANS
in Fe—1at.% Cu agree very well. On the one hand, 3DAP
delivers compositional data that are required for quantita-
tive SANS data analysis regarding precipitate number den-
sity and volume fraction (while it is not needed for
determining precipitate sizes). On the other hand, SANS
data yield good statistics due to the large volume inspected.
The combination of both probes opens up new possibilities
for both further development of the methods and the
investigation of materials.

CONCLUSIONS

The well-known precipitation reaction of an Fe—1 at.% Cu
model alloy was analyzed under magnetic consideration
using atom probe (3DAP) and SANS to verify and assess the
comparability of the results of these two techniques. The
following conclusions can be drawn:

¢ The measured mean radius of the developing Cu precipi-
tates shows a constant increase over aging time, and both
analysis techniques have the ability to depict this behavior
with an excellent accordance.

e The number density obtained by both 3DAP and SANS
decreases over the analyzed aging time. The discrepancies
between 3DAP and SANS results, especially at the early
aging states, can be caused by the limited SANS data
quality because of the relatively small covered q-range,
leading to a reduced resolution of the smallest cluster
sizes.

 The precipitated volume fractions qualitatively obtained
from both techniques is consistent with the macroscopic
hardness behavior in an appropriate way. However, like
the number densities, the absolute values of both tech-
niques still differ. Reasonable volume fractions, found by

SANS, approaching the theoretically expected maximum
were definitely only obtained by taking into account a
magnetic moment of the precipitates calculated within
the DFT and the chemical composition gained by 3DAP.

The combination of 3DAP and SANS opens up new possi-
bilities for the study of precipitation kinetics because both
deliver truly complementary results.
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