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A B S T R A C T

In-situ time-resolved small-angle neutron scattering (SANS) experiments were conducted on homogenised cold-
rolled ternary Fe-Au-W alloys during aging for 12 h at temperatures of 650 to 700 ◦C in order to study the ki-
netics of the nanoscale precipitation. For comparison the precipitation kinetics in the binary counterparts Fe-Au
and Fe-W alloys were also studied. In the ternary Fe-Au-W alloy nanoscale Au-rich precipitates were observed by
both transmission electron microscopy (TEM) and SANS, while no significant W-rich precipitation was observed.
The SANS pattern of the cold-rolled Fe-Au-W alloy clearly reveals a preferred orientation for the plate-shaped
nanoscale Au-rich precipitates. As these Au-rich precipitates have a fixed orientation relation with the matrix
lattice this preferred orientation originates from the texture of the bcc matrix grains, as confirmed by X-ray
diffraction (XRD) pole figure measurements. The effect of texture on the nuclear and the magnetic SANS signal
during the precipitation kinetics was included in the data analysis. This enables us to monitor the temperature
dependence of the precipitation kinetics for the Au-rich precipitates in the Fe-Au-W alloy during aging at tem-
peratures of 650, 675 and 700 ◦C. It is found that an increase in aging temperature results in a faster kinetics and
a lower final precipitate fraction.

1. Introduction

Precipitation plays an important role in designing mechanical
properties of advanced structural metals [1–3]. As precipitates act as
obstacles to dislocation motion, the hardness, strength and creep resis-
tance can be controlled by the size, distribution and composition of the
precipitates. Recently, precipitation has also been used to achieve self
healing of creep damage in metal alloys [4–7]. The underlying mecha-
nism for the self healing and the subsequent improvement of the creep
lifetime is the site-selective precipitation of supersaturated solute atoms
at defect sites, thereby immobilizing further damage growth. Knowledge
of the deformation-induced precipitation during aging is therefore of
critical importance to fully utilize the precipitation-induced self-healing
mechanism in alloys for structural applications.

In order to achieve site-selective precipitation of supersaturated

solute exclusively at damage sites, it was found that a sufficiently large
atomic size difference between the solute atom and the host atom is
required. A large difference in atomic size results in a large strain pen-
alty for homogeneous precipitation in the bulk of the matrix. In previous
studies we focussed on Fe-based model alloys with about 1 at.% of added
Cu [8], Au [9–12], Mo [13] and W [14]. These alloys all have a bcc
lattice structure for the matrix of the alloy. The relative atomic size
difference (rX – rFe)/rFe for the atomic radius of the solute atom (rX) and
the host atom (rFe) of these elements corresponds to: 0.1 % for Cu, 12.9
% for Au, 9.8 % for Mo and 10.1 % for W. A clear difference in site
selectivity for precipitation between Cu and Au was observed [8–10],
where Au precipitation was suppressed in the absence of deformation
while Cu precipitation was also observed in the undeformed matrix. Self
healing of creep damage by site-selective precipitation was established
for Fe-Au, Fe-Mo and Fe-W alloys.
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Experimental data on Au-rich precipitation in bcc Fe are limited.
Early studies [15–18] revealed the presence of plate-shaped precipitates
with an fcc structure that form with a fixed orientation relation with
respect to the bcc matrix. As predicted by the Fe-Au phase diagram the
Au content of the precipitates depends on the aging temperature. These
findings are confirmed in our recent experiments [9–12]. Thermody-
namic data for the Fe-Au phase diagram were reported by Liu and
co-workers [19]. W-rich precipitation in bcc Fe occurs in the form of the
hexagonal Fe2W Laves phase precipitates [14].

To study the interplay between two supersaturated alloying elements
in site-selective precipitation the ternary Fe-Au-W alloy was selected
(with 1 at.% of supersaturation for both solute elements). For this alloy
self healing of creep damage was established, where the formation of
Au-rich precipitates was dominant compared to the formation of W-rich
precipitates [20,21].

In the present study the effect of mechanical deformation by cold
rolling on the precipitation in the ternary Fe-Au-W alloy and its binary
Fe-Au and Fe-W counterparts was studied by in-situ time-resolved small-
angle neutron scattering (SANS) experiments during aging at tempera-
tures between 650 and 700 ◦C. SANS is a powerful technique that can in-
situ probe the precipitate size distribution for a relatively large sample
volume (several mm3) [22–28].

First, the effect of the alloy composition is investigated by comparing
time-resolved SANS measurements for the Fe-Au-W, Fe-Au and Fe-W
alloys at an aging temperature of 650 ◦C. From these SANS results the
precipitation kinetics is investigated in the presence of rolling texture for
the matrix grains for the studied alloys. After that, the effect of the aging
temperature is investigated for the Fe-Au-W alloy by time-resolved SANS
measurements at aging temperatures of 650, 675 and 700 ◦C.

The cold rolling of the studied samples was introduced to obtain a
high density of nucleation sites, which is required for the nucleation of
Au-rich and W-rich precipitates. There are no indications that the
texture in the Fe-based matrix affects the precipitation kinetics for the
Au-rich and W-rich precipitates. Differences in the texture present in the
cold-rolled Fe-Au, Fe-W and Fe-Au-W starting materials originates from
variations in the production process of the sheet material. As the texture
in the cold-rolled starting material affects the data analysis of the pre-
cipitate size distribution we have included the preferred orientation in
the data analysis of the SANS data to obtain more reliable values for the
precipitate size distribution.

2. Experimental

A high purity ternary Fe-Au-W (3.07 wt.% Au and 3.83 wt.% W)
alloy, and its binary counterparts Fe-Au (2.87 wt.% Au) and Fe-W (3.80
wt.% W) were produced by Goodfellow in the form of rolled sheet ma-
terial with a thickness of 0.5 mm. Plate samples with dimensions of
about 10 × 10 mm2 were cut from the sheet material. To fully dissolve
the gold and tungsten atoms, the samples were first held at elevated
temperature (868 ◦C for a period of 5 h for the Fe-Au-W and Fe-Au alloys
and 900 ◦C for a period of 24 h for the Fe-W alloy) in evacuated silica
tubes filled with 200 mbar ultra-high-purity argon, followed by a rapid
water quench. The composition, annealing condition and final grain size
of the alloys is listed in Table S1 (Supplementary Information). To study
the effect of deformation damage on the precipitation during aging, the
as-quenched samples were cold rolled with a thickness reduction of
about 20 %. The total sample thickness and thickness reduction for the
studied SANS samples is listed in Table S2 (Supplementary Information).

Time-resolved SANS experiments were performed on the SANS-I
instrument at PSI, Switzerland, using a neutron wavelength of λ = 0.7
nm (with Δλ/λ = 10 %) [29]. During these measurements, a stack of 3
high-purity alloy plate samples with a total thickness of about 1.2 mm
was mounted in a vacuum furnace (<102 Pa). The rolling direction of the
samples was oriented vertically (and perpendicular to the neutron
beam). The time-dependent precipitation was monitored in situ during
aging for 12 h at a selected constant temperature (650 ◦C for all three

alloys and 650, 675 and 700 ◦C for the Fe-Au-W alloy). The average
heating rate of the SANS furnace was about 100 K/min. The
sample-to-detector distance is periodically varied between 2 and 6 m to
gain the SANS signals over a wide range of wave vector transfers. An
additional sample-to-detector distance of 18 mwas used before and after
aging to detect the scattering at very small angles. A horizontal magnetic
field of 1.2 T was applied to separate the nuclear and magnetic scat-
tering (the field is oriented perpendicular to both the rolling direction
and the neutron beam). Further details on the sample composition and
dimensions can be found in the supplementary information (Tables S1
and S2). The data reduction of the SANS was done using the BerSANS
[30] software and the fitting of the scattering profiles was done using
SasView [31].

Transmission electron microscopy (TEM) investigations were carried
out on the Fe-Au-W, Fe-Au and Fe-W alloys after the SANS measure-
ments. Disks were mechanically ground down to 20 µm and then thinned
to electron transparency by Ar ion milling. The resulting samples were
examined using a FEI Cs-corrected cubed Titan instrument, operating at
300 kV, both in TEM mode and scanning mode (STEM). STEM Annular
Dark Field (ADF) images were obtained by collecting the scattered
electrons on an annular detector for each beam position. Elemental maps
were obtained from X-ray spectra collected for each pixel in an ADF
image, using the Thermo Fisher Scientific super-X detector in the
ChemiSTEMTM configuration. Lattice images were collected on a
Thermo Scientific CetaTM 16 M. Microstructures were analysed by
scanning electron microscopy (SEM) with a JEOL JSM 6500F scanning
electron microscope.

3. Results and discussion

3.1. Transmission electron microscopy

In order to obtain a general characterisation of the precipitates that
formed during 12 h aging at 650 ◦C, the samples were investigated by
TEM. In Fig. 1 TEM images of the Au-rich precipitates in the Fe-Au-W
alloy after aging are shown. The image in Fig. 1a indicates the pres-
ence of a large number of plate-shaped Au-rich precipitates. In between
of the precipitates dislocations can be observed, which are expected to
originate from the cold rolling and assist in the nucleation of the pre-
cipitates. The observed plate-shaped precipitates are all present within
the same Fe-based matrix grain with a bcc lattice structure. From pre-
vious studies [9,11,15,17,18,20] we know that the Au-rich precipitates
show a fixed orientation relation with the surrounding matrix phase,
where the plate normal is aligned with one of the 3 principle axes of the
cubic crystal structure. The orientation relations between the Au-rich
precipitate (p) with an fcc lattice structure and the matrix (m) with a
bcc lattice structure correspond to [17]: (100)p‖(100)m and
< 100>p‖ < 110>m. This means that three orientations of the
plate-shaped precipitates are observed: one orientation where the plate
normal is along the viewing direction and two where it is perpendicular.
For the first orientation the in-plane dimensions indicate a nearly square
shape with rounded corners. The two other orientations give direct in-
formation on the plate dimensions. In Fig. S1 (Supplementary Infor-
mation) the experimental values of the plate length L and the plate
thickness δ are shown for the probed precipitates. Based on these ob-
servations an effective aspect ratio of L/δ = 8.9(5) can be deduced for
the plate-shaped Au-rich precipitates in the Fe-Au-W alloy after aging
(note that the value in between brackets refers to the error in the last
digit). The size distribution of the precipitate reflects the time of
nucleation where large precipitates are expected to correspond to an
early time of nucleation. Within the accuracy no size dependence for the
aspect ratio is found. A size dependent aspect ratio would be signalled by
a deviation from a linear trend through the origin. Literature data on this
topic are limited. Aaronson and coworkers [44] have shown that
grain-boundary precipitates in Fe-C binary alloys show a precipitate
growth with a fixed aspect ratio as a function of time, temperature and
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carbon content. The present case Au-rich precipitates nucleate and grow
on dislocations (sub-grain boundaries), which may be regarded as a
related case.

In Fig. 2 TEM images for the Fe-Au alloys after aging at 650 ◦C are
shown, confirming the presence of plate-shaped Au-rich precipitates in
the Fe-Au alloy. In the Fe-Au alloy after aging the plate-shaped Au-rich
precipitates were found to show an effective aspect ratio of L/δ = 8.2(3).
This value is found to be in agreement with the value of L/δ ≈ 8 obtained
in previous results for a tensile deformed Fe-Au alloy during aging at 550
◦C [9].

As indicated in Fig. 1b–e the Au-rich precipitates in the Fe-Au-W

alloy contain about 60 at.% Au with balance Fe (about 40 at.% Fe)
and a minor W content (below the matrix concentration of 1.2 at.% W).
The Au concentration of the Au-rich precipitate is in agreement with the
results for the Fe-Au alloy in Fig. 2c. As indicated from the results in
Fig. 1f, g, the Au-rich fcc plate-shaped precipitates (p) show a fixed
orientation relation with the bcc matrix (m) in Fe-Au-W alloy (see
Fig. 2d-2e for the Fe-Au alloy), in agreement with the previously re-
ported [010]p || [110]m orientation relation [15,17]. In Fig. 3 TEM
images for Fe-W alloy after aging at 650 ◦C are shown. The Fe-W alloy
does not show W-rich precipitation after 12 h of aging at 650 ◦C. The

Fig. 1. STEM and TEM images of the cold-rolled homogenised Fe-Au-W alloy
after 12 h of aging at a temperature of 650 ◦C. Au-rich plate-shaped precipitates
are clearly visible in (a). The Au-rich precipitate in (b) was analysed to map the
(c) Fe, (d) Au and (e) W concentration. The precipitate contains about 60 at.%
Au and no indication for the presence of W was found. (f) High resolution image
of the precipitate and the surrounding matrix. (g) FFT image of (f) indicating
the following orientation relations between the bcc matrix (m) and the fcc
precipitate (p): [001]m ‖ [1–10]p and [020]m ‖ [220]p in agreement with the
previously reported orientation relation [15,17].

Fig. 2. STEM and TEM images of the cold-rolled homogenised Fe-Au alloy after
12 h of aging at a temperature of 650 ◦C. Au-rich plate-shaped precipitates are
clearly visible in (a). The Au-rich precipitate in (b) was analysed to map the (c)
Au concentration. The precipitate contains about 60 at.% Au. (d) High reso-
lution image of the precipitate and the surrounding matrix. (e) FFT image of (d)
confirming the previously reported orientation relation between the bcc matrix
and the fcc precipitate for Fe-Au alloys [15,17].
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aged cold-rolled Fe-W alloy shows a pronounced nanoscale dislocation
network, indicating the formation of sub-grains.

3.2. Small-angle neutron scattering

Fig. 4 shows the experimental 2D SANS patterns of the homogenised
and cold-rolled Fe-Au-W, Fe-Au and Fe-W alloys before (top row) and
after (bottom row) 12 h of aging at a temperature of 650 ◦C. All patterns
were collected at room temperature in a horizontal applied magnetic
field of 1.2 T to magnetically saturate the ferromagnetic matrix phase. It
can be seen that: (1) for the gold-containing Fe-Au-W and Fe-Au alloys
the SANS intensity has largely increased as a result of Au-rich precipi-
tation during the aging. (2) For the Fe-W alloy, however, no significant
increase in SANS signal was observed, indicating that this aging step did
not generate a significant amount of W-rich precipitation. (3) Both the
Fe-Au-W and Fe-Au alloys show a strongly anisotropic SANS pattern
with the strongest scattering oriented perpendicular to the applied field.
This indicates a strong magnetic SANS contribution. (4) The angular
dependence of the SANS signal of the Fe-Au-W alloy is rather different
from that of the Fe-Au alloy. The angular dependence of the SANS
pattern of the Fe-Au alloy resembles that of our previous SANS mea-
surements on Fe-Au [9] alloys with tensile deformation, reflecting a
SANS pattern originating from randomly oriented plate-shaped pre-
cipitates (Fe-Au) embedded in a magnetically aligned ferromagnetic
matrix (randomly in the scattering plane probed in the SANS experi-
ment). This suggests that the Fe-Au-W alloy shows a significant
preferred orientation for the Au-rich plate precipitates. This preferred
orientation of the Au-rich plate precipitates is expected to originate from

texture in the matrix grains induced by the cold rolling. The relative
strength of the magnetic and the nuclear SANS for the Au-rich pre-
cipitates in the ferromagnetic matrix is estimated in Fig. S2 of the
Supplementary information. The SANS patterns at different distances for
the Fe-Au-W (Fig. S3), Fe-Au (Fig. S4) and Fe-W (Fig. S5) alloys can be
found in the Supplementary Information.

The SANS intensity from a distribution of precipitates embedded in a
magnetically aligned ferromagnetic matrix can be expressed as the sum
of the nuclear and the magnetic scattering [24]:
�
dΣ
dΩ

�

tot
(Q) =

�
dΣ
dΩ

�

N
(Q) + sin2(α)

�
dΣ
dΩ

�

M
(Q) (1)

where the indices N and M refer to the nuclear scattering and the
magnetic scattering, respectively. The scattered intensity is represented
as (dΣ/dΩ)(Q), which refers to the differential of the macroscopic
scattering cross section Σ to the solid angle Ω at a given wave vector
transfer Q. In a small angle scattering experiment the wave vector
transfer Q is oriented perpendicular to the neutron beam (x axis). It can
be expressed as Q = Q (0, cos(α), sin(α)), where α is the angle with
respect to the applied magnetic field (α = 0) and Q = |Q| = (4π/λ)sin(θ)
is the amplitude of the wave vector transfer for a scattering angle 2θ and
a neutron wave length λ. Compared to the nuclear scattering from pre-
cipitates, the magnetic scattering has an additional angular dependent
sin2(α) term. The sin2(α) originates from the nature of the magnetic
scattering which only gives a contribution when the spin component
that is perpendicular to the scattering vector Q.

For paramagnetic precipitates with fixed relative dimensions
embedded in a magnetically aligned ferromagnetic matrix the nuclear

Fig. 3. STEM images of the cold-rolled homogenised Fe-W alloy after 12 h of aging at a temperature of 650 ◦C. Dislocation networks are clearly visible in (a). The
area of the dislocation network in (b) was also analysed to map the W concentration (c). No indication for the formation of W-rich precipitates was found.
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and magnetic SANS can be represented as:

�
dΣ
dΩ

�

N
(Q) = (ΔρN)

2
Z∞

0

DN(δ)V2(δ)P(Q)dδ +
�
dΣ
dΩ

�

bg
(2)

�
dΣ
dΩ

�

M
(Q) = (ΔρM)

2
Z∞

0

DN(δ)V2(δ)P(Q)dδ (3)

where ΔρN and ΔρM are respectively the difference in nuclear and the
difference in magnetic scattering length density between the precipitate
and the matrix. Details on their mathematical evaluation can be found in
the Supplementary Information (Table S3). For the strength of the
magnetic moment of the Fe atoms in the bcc matrix phase the data from
Arrott and Heinrich [32] are used. The relative strength of the magnetic
and nuclear scattering from a precipitate is given by the contrast ratio A
= (ΔρM)2/(ΔρN)2. As indicated in Table S3 the magnetic scattering is
expected to be dominant, both at room temperature and at elevated
temperatures (650 ◦C). The nuclear scattering contains an additional
background term, which originates from the incoherent neutron scat-
tering and the temperature-dependent thermal diffuse scattering. Based
on the TEM data in Fig. 2 the precipitates are assumed to be rectangular
plates with a thickness δ, two equal long axes with length L and a volume
V(δ) = L2δ. The aspect ratio η = L/δ is fixed to the experimental value
obtained by TEM. The number distribution DN(δ) for the precipitates is
assumed to correspond to a lognormal distribution:

DN(δ) =
Np

δσ
������
2π

√ exp

 

−
[ln(δ) − ln(δm)]2

2σ2

!

(4)

Integration over all sizes provides the number density of precipitates
Np. The number distribution is related to the volume size distribution by
DV(δ) = DN(δ)V(δ). Integration of the volume distribution over all sizes
provides the phase fraction of precipitates fp (with a maximum value of
about 1% for the present alloys). The scattering factor of the precipitates

P(Q) =
D
|F(Q)|2

E
is defined by the orientation dependent form factor F

(Q) [33,34] with:

|F(Q)|2 =
����
sin(u)
u

����
2����
sin(v)
v

����
2����
sin(w)
w

����
2

(5)

where u = 1
2 L(ba⋅Q), v = 1

2 L(bb⋅Q) andw = 1
2 δ(bc⋅Q). Unit vectors ba, bb and

bc are the principle axis directions of the precipitate. ba and bb are in the
plane of the plate-shaped precipitate (length L) and bc normal to the
plane of the plate-shaped precipitate (length δ).

For an orientation distribution of the plate normal of the plate-
shaped precipitates can in general be described with an orientation
function p(θ, φ, ψ) with polar angles θ and φ of the plate normal of the
precipitate with respect to the beam direction and angle ψ characterising
the plate orientation with respect to the plate normal. The orientation

function p(θ, φ, ψ) is normalised as 1
8π2

Zπ

0

Z2π

0

Z2π

0

p(θ, φ,

Fig. 4. SANS intensity (log scale) patterns on the 2D detector for the Fe-Au-W, Fe-Au and Fe-W alloys before (top row) and after (bottom row) 12 h aging at a
temperature of 650 ◦C. The samples were cold rolled with a thickness reduction of about 20 % prior to the SANS experiments. The difference originates from the
formation of nanoscale precipitates. The SANS measurements were performed at room temperature using a neutron wave length of λ = 0.7 nm and a sample-to-
detector distance of Lsd = 6 m. The ferromagnetic Fe-based matrix is magnetically saturated in a horizontal magnetic field (1.2 T). The intensity is plotted on a
logarithmic scale.
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ψ)|F(Q)|2sin(θ)dθdφdψ = 1, with p(θ, φ, ψ) = 1 for a random orienta-
tion. The scattering factor P(Q) is defined as:

P(Q) =
D
|F(Q)|2

E
=

1
8π2

Zπ

0

Z2π

0

Z2π

0

p(θ, φ, ψ)|F(Q)|2sin(θ)dθdφdψ (6)

For thin plates (η = L/δ≫1) the form factor can be approximated for
Q≫1/L by:

|F(Q)|2 ≈
�
2π
LQ

�2����
sin(δQ/2)

δQ/2

����
2

[δ(bQ − bc)+ δ(bQ+ bc)] (7)

This indicates that for thin plates with η = L/δ≫1 constructive
interference only takes place when the scattering vector Q is aligned
along one of the plane normal vectors of the plate oriented along+bc and
− bc. In a SANS experiment only the Q = Q(0, cos(α), sin(α)) vectors
perpendicular to the beam are probed. The orientation averaged scat-
tering factor corresponds to:

P(Q) ≈ f(α)
�
2π
LQ

�2����
sin(δQ/2)

δQ/2

����
2

(8)

For 1/L�Q�1/δ the SANS signal follows the well-known Q− 2

dependence for thin flat particles, while it follows the Porod law with
Q− 4 for Q≫1/δ. The factor f(α) describes the relative orientational
weight for precipitate plate normal in the SANS scattering plane
(perpendicular to the neutron beam), and thereby defines the anisotropy
of the nuclear SANS on the 2D detector. In our present cold-rolled
samples a symmetry of the type f(α) = f(− α) = f(π − α) is expected.
This can be modelled by [35]:

f(α) = 1+ C2cos(2α) + C4cos(4α) (9)

Angular averaging gives < f > = 1 and characteristic values are: f(0)
= 1 + C2 + C4, f(π/4) = 1 - C4 and f(π/2) = 1 - C2 + C4. An isotropic
angular distribution without texture corresponds to f(α) = 1 with C2 =
C4 = 0. Higher order terms, like C6cos(6α), were not found to signifi-
cantly contribute and were therefore ignored.

In Fig. 5 the Q dependence of the SANS pattern of the Fe-Au-W alloy
before and after 12 h of aging at 650 ◦C is shown for the nuclear scat-
tering (dΣ/dΩ)N(Q) along the magnetic field (α = 0◦) and the magnetic
scattering (dΣ/dΩ)M(Q) perpendicular to the field (α = 90◦). Along the
field the magnetic scattering is absent, and as a result all scattering
corresponds to nuclear SANS from the precipitates and background
scattering. Perpendicular to the field the total scattering corresponds to
magnetic and nuclear scattering from the precipitates and background.
By scaling the background corrected total SANS signal (dΣ/dΩ)totcor(Q)
with a factor A/(A+1), the magnetic SANS is obtained. Both the nuclear

and the magnetic SANS show a significant increase as a result of the
formation of Au-rich precipitates. The largest signal is obtained from the
magnetic SANS, which is in line with the relatively large contrast ratio
(A ≈ 4 at room temperature). The corresponding figures for the Fe-Au
alloy is shown in Fig. 6 and for the Fe-W alloy in Fig. 7. A direct com-
parison of the nuclear and magnetic SANS contributions of the plate-
shaped Au-rich precipitates at a given angle α requires texture infor-
mation for the preferred orientation of the precipitates. As can be seen in
Figs. 5–7 the SANS patterns before aging contain a Q -4 power law
contribution originating from grain boundary scattering for both nuclear
and magnetic scattering. In addition, the nuclear scattering contains a
constant background that originates from incoherent scattering. This
incoherent scattering background is not present in magnetic SANS. The
additional scattering for finite aging times now originates from the
precipitation scattering and has the same form for both the nuclear and
the magnetic scattering, but with a different contrast.

In Fig. 8 the angular dependence of the SANS pattern of the Fe-Au-W
alloy after 12 h of aging at 650 ◦C is shown for the nuclear scattering
(dΣ/dΩ)N(Q) and the magnetic scattering sin2(α)(dΣ/dΩ)M(Q) from the
precipitates at different Q values. From the background corrected total
SANS signal (dΣ/dΩ)totcor(Q) the nuclear SANS from the precipitates (dΣ/
dΩ)N(Q) is obtained by scaling with a factor 1/(Asin2(α)+1) and the
magnetic SANS from the precipitates sin2(α)(dΣ/dΩ)M(Q) is obtained by
scaling with a factor Asin2(α)/(Asin2(α)+1). The angular dependence of
the nuclear scattering reveals a significant texture with a minimum
value for α ≈ 45◦, which can accurately be fitted using the angular
distribution function of Eq. (6) with texture parameters C2 = − 0.19 and
C4= 0.37. For the magnetic scattering sin2(α) term suppresses the signal
along the applied magnetic field (α = 0◦). The
standard deviation of the texture function f(α) corresponds to:

σf =
h

< f2 > − < f>2
i1/2

=
�
(C2)2/2+ (C4)2/2

�1/2
= 0.29. The

texture in the Fe-Au alloy is significantly weaker (see Fig. S6 in Sup-
plementary Information) with C2 = 0.20 and C4 = 0.05. The fitted
texture parameters at elevated temperatures are listed in Table S4
(Supplementary Information).

As the magnetic SANS is dominant, this contribution is used to study
the precipitation kinetics of the Au-rich precipitates. The SANS curves
for different aging times were fitted with the SASview data analysis
software [31]. Using the described model assumptions the lognormal
precipitate size distribution was obtained for plate-shaped samples with
a fixed aspect ratio. Integrating the size distribution obtained by the
model fit then gives the precipitate phase fraction fp.

Fig. 5. SANS profiles for the Fe-Au-W alloy measured at room temperature before and after 12 h of aging at 650 ◦C showing: (a) nuclear scattering (dΣ/dΩ)N(Q) for α
= 0◦, (b) magnetic scattering (dΣ/dΩ)M(Q) for α = 90◦.
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3.3. X-ray diffraction pole figures

The difference in texture parameters for the Fe-Au-W and Fe-Au al-
loys, as obtained from the angular-dependent SANS, has independently
been evaluated by additional XRD pole figure measurements. The (200)
XRD pole figures of the bcc matrix grains in the Fe-Au-W and Fe-Au

alloys are presented in Fig. S7 (Supplementary Information). The (200)
pole figures of both alloys do show a texture that is indeed distinctly
different for both alloys. As the plate normal of the Au-rich precipitates
is aligned with the (200) orientation of the bccmatrix grains and because
SANS probes the scattering with Q perpendicular to the neutron beam,
the texture components of interest correspond to the circular edge (ψ =

Fig. 6. Q-dependent SANS for the Fe-Au alloy before and after aging for 12 h at 650 ◦C for (a) nuclear scattering (dΣ/dΩ)N(Q) for α = 0◦, (b) magnetic scattering (dΣ/
dΩ)M(Q) for α = 90◦.

Fig. 7. Q-dependent SANS for the Fe-W alloy before and after aging for 12 h at 650 ◦C for (a) nuclear scattering (dΣ/dΩ)N(Q) for α = 0◦, (b) magnetic scattering (dΣ/
dΩ)M(Q) for α = 90◦.

Fig. 8. Angular SANS profiles for the Fe-Au-W alloy measured at room temperature after 12 h of aging at 650 ◦C showing the scattered intensity (dΣ/dΩ)(Q) as a
function of the azimuth angle α with respect to the applied field at α = 0◦. The SANS patterns are shown for different values for the wave vector transfer Q. The panels
indicate: (a) nuclear scattering (dΣ/dΩ)N(Q) and (b) magnetic scattering sin2(α)(dΣ/dΩ)M(Q).
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90◦) in the (200) XRD pole figure of the bccmatrix grains. The C2 and C4
texture parameters obtained from SANS are in qualitative agreement
with the experimental (200) XRD pole figures for the bcc matrix grains.

3.4. Precipitation kinetics of Au-rich precipitates

In Fig. 9 the precipitation kinetics of the Au-rich plate-shaped pre-
cipitates is shown for the ternary Fe-Au-W alloy and the binary Fe-Au
alloy during aging at a constant temperature of 650 ◦C. The Au-rich
precipitate phase fraction fp of both alloys shows a very similar time
evolution. Around an aging time of 6 h the phase fraction starts to
saturate at a fraction of about 0.4 %. These results indicate that the
presence of W in the ternary Fe-Au-W alloy has a negligible effect on the
nucleation and growth of the Au-rich precipitates. Note that the Au-rich
precipitation can start when supersaturation is reached, which is at a
lower temperature than the selected aging temperatures.

For the ternary Fe-Au-W alloy the temperature dependence of the
Au-rich precipitation kinetics is studied in more detail. In Fig. 10 the
time evolution for the (volume) size distribution of the plate-shaped Au-
rich precipitates is presented for aging temperatures of 650, 675 and 700
◦C. For all aging temperatures the position of the maximum in the dis-
tribution increases continuously with time, indicating a continuous plate
thickening, and correspondingly, a continuous growth of the plate vol-
ume (again L/δ is assumed constant in the analysis). The maximum
value in the distribution itself first increases and in the later stage de-
creases again. The decrease in the maximum value reflects an increase in
the width of the distribution once the precipitate phase fraction starts to
saturate.

In Fig. 11 the precipitate fraction and the precipitate plate thickness
are shown as a function of the aging time for the three studied aging
temperatures of 650, 675 and 700 ◦C. These curves were directly ob-
tained from the time evolution of the (volume) size distribution for the
plate-shaped precipitates. Comparing the precipitate fraction for
different aging temperatures we find that (i) the kinetics goes faster for
higher temperatures and (ii) the final saturation precipitate fraction
slightly decreases at higher temperatures. For increasing temperatures
an acceleration of the precipitation kinetics is expected as the solute
diffusivity of Au in bcc Fe is enhanced for higher temperatures [36]. For
higher aging temperatures a reduction in the final precipitate fraction is
also expected as the Au solubility in the bcc matrix increases with tem-
perature, and as a result, the equilibrium precipitate fraction decreases
with temperature. For the kinetics of the precipitate thickness similar
trends as the precipitate fraction are observed (with lower statistics).

Fig. 9. Precipitate phase fraction fp of Au-rich plate-shaped precipitates in the
Fe-Au-W and Fe-Au alloys for different aging times at 650 ◦C.

Fig. 10. Volume size distribution DV(δ) for the Au-rich plate-shaped pre-
cipitates in the Fe-Au-W alloy at different aging times for an aging temperature
of (a) 650 ◦C, (b) 675 ◦C and (c) 700 ◦C. The volume size distribution is related
to the number size distribution by DV(δ) = V(δ)DN(δ), where V(δ) is the volume
of the precipitate.
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The average inter-precipitate spacing Δ can be estimated from the
precipitate phase fraction and the precipitate volume by assuming a
cubic box with side Δ around each precipitate. A mass balance then
leads to: Δ3fp = δL2 = δ3(L/δ)2, resulting in Δ = (L/δ)2/3fp − 1/3δ. For the
Fe-Au-W alloy after 12 h of aging at 650 ◦C the average inter-precipitate
spacing is estimated from the data in Fig. 11 at Δ ≈ 135 nm. This is in
qualitative agreement with the TEM data.

To quantitatively analyse the precipitation kinetics we fitted the
precipitate fraction as a function of aging time with the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) model [37–41]:

fp(t) = f0[1 − exp(− ktn)] (10)

Independent fits at variable temperatures resulted in an Avrami
constant of n = 0.73(2), 0.78(2) and 0.71(3) for an aging temperature of
650, 675 and 700 ◦C, respectively (see Fig. S8 and Table S5 in Supple-
mentary Information). In order to evaluate the temperature dependence
of the rate constant k, the Avrami constant nwas fixed at its value at 650
◦C (n = 0.73). Fits of the transformation kinetics at fixed n are presented
in Fig. S9 and Table S6 (Supplementary Information).

Traditionally the JMAK model predicts an Avrami constant in the
range of n = 1 - 4, depending on the type of nucleation (steady-state
nucleation or instantaneous nucleation) and the dimensionality d of the
particle growth (assuming a linear growth rate). However, as discussed
by Laplanche [42,43] systems that show a transformation kinetics with
an Avrami constant slightly below n = 1 are experimentally not un-
common in precipitation kinetics. Precipitation systems with instanta-
neously forming nuclei located at (sub-)grain boundaries often show a
precipitate growth with a reduced growth exponent (slower than linear
growth) [44]. The SANS signal in the quenched homogenized samples
confirms that no precipitates were formed before the heating to the
aging temperature was initiated. The low Avrami constant n experi-
mentally probed for the transformation kinetics in our SANS experi-
ments indicates that the nucleation process occurs effectively
instantaneously at the start of the precipitation kinetics. In the present
system a relatively high nucleation density with a short average pre-
cipitate spacing estimated at Δ ≈ 135 nm was found. The high nucle-
ation density is expected to originate from the high dislocation density
associated with the sub-grain microstructure observed in the TEM
studies. The sub-grain size was found to be of the same order as the
average precipitate spacing. As on the one hand the equilibrium solu-
bility of Au is low in the bcc matrix phase and on the other hand the
precipitate is rich in Au, the length of the solute diffusion profile in front
of the advancing precipitate-matrix interface is in generally much larger
than the size of the precipitate (in this case about a factor 100). As a
result, soft impingement of overlapping diffusion fields already occurs in
the very early stages of the transformation (after the precipitate plate
thickness is larger than about 1 nm).

For a diffusional phase transformation the temperature dependence
of the rate constant k can be described by an Arrhenius type equation
[42]:

k = k0exp
�
−
Q0

RT

�
(11)

where k0 is a constant, Q0 is the activation energy for atom diffusion (of
solute atom X) and R is the gas constant. A fit of the temperature
dependence of k results in and activation energy Q0 = 186(29) kJ/mol
(Fig. S10 in Supplementary Information). This value is in agreement
with the reported activation energy of Q0 = 229 kJ/mol for the atom
diffusion of solute Au in a bcc Fe matrix [36].

These observations indicate that the precipitation kinetics corre-
sponds to the growth of nuclei that were instantaneously formed at the
start of the aging period. These precipitates are located at the cellular
dislocation network of the sub-grains, which was formed by the cold
rolling step. The overall transformation kinetics was described by a
relatively low Avrami constant of n= 0.73. As the ratio of the precipitate
plate length and its thickness (L/δ) is about constant the precipitate
thickness is expected to show a reduced exponential growth with δ ∝ t n/
3. As a result of the high density of nuclei soft impingement with over-
lapping diffusion fields in the matrix takes place during most of the
diffusion-controlled transformation kinetics.

It is interesting to note that Zhang and co-workers [45] previously
reported the presence of solute-rich embryos in a Cu containing multi-
component ferritic steel with a nominal composition of
Fe-1.5Mn-2.5Cu-4.0Ni-1.0Al (wt.%). These embryos, with a fixed radius
of 0.4 nm, were obtained in combination with the nucleation and growth
of larger Cu-rich precipitates from a bimodal size distribution in the
SANS signal during aging at a temperature of 500 ◦C and were proposed
to act as effective nucleation sites for Cu-rich precipitation. Our present
nuclear and magnetic SANS data for binary Fe-Au and ternary Fe-Au-W
alloys do not show a bimodal precipitate size distribution for any of the
studied aging temperatures (650 to 700 ◦C) and aging times. This is
confirmed by our previous SANS experiments on binary Fe-Cu [8] and
binary Fe-Au [9] alloys (for an aging temperature of 550 ◦C). This
absence of a bimodal precipitate distribution indicates that the

Fig. 11. (a) Precipitate phase fraction fp and (b) precipitate plate thickness δ of
the Au-rich plate-shaped precipitates in the Fe-Au-W alloy as a function of the
aging time for aging temperatures of 650, 675 and 700 ◦C.
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